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 STELLAR NUCLEAR ENERGY BOURCES
R /'..'o’u oo 3 ) -

e ahd
. NUCLEOSYNTHESIS :

I. Introduction ‘&/31 B B . | . L T
.- In this udnitertrthelauhaect of nuclear reactions in stars vill he
" surveyed vith.three aims in mind: to ahov what nuclear procealea play
u.important rolem in generating the energy radiated by atara during the
principal atagea of their evolution, to aee vhat' physical factora govern.
‘the ratee of energy production by these proceaaea, and finally to denonv‘
atrate the rolea theae proceaaea play in huilding up, heavy elenenta fron :
'the ‘main primordial-naterial of the Uhiverle; hydrogen and heliun. ‘
\ ' TVo quite different sources of energy supply the energy radiated hy.
a atar gravity and nuclear rueion.. As a rule theae sources. alternate
in inportance in auccesaive ateps in the evolution of a star from hirth '
to’ ita rinal etate. Initially gravitational contraction condenses and
heata interatellar gas and dust to form a atar, and vhen this proceaa haa '
raiaed interior temperatures into the range of =lO7 K, rusion of hydrogen °
: into helium by various proceasea takea over the Joh of providing the atar s
’ energy. - At this point gravitation contraction ceases and gravity no
.r”longer playa an active role in energy generation} However, uhen the hy- .
arogen in the central region of the etar haa been converted into helium, ,»
the fuel for the initial forms of nuclear energy generation is exhauated.
vTheae fusion proceaaes then ceage and gravity takea over, cauaing the atar’

a

to contract and heat further until tamperaturea of the order of lO°°K are

reached. At these temperaturea helium nuclei can fuse into_carbon nuclei .

;-C.J




. with release of energy, and a nev_source of nuclear energy entxiv hhe pica

&
B4 o

ture. o _ ‘ |
Ei%ntusllp tne ruel for this procese'is-exhsnsted. Grwss by wloym in‘

once mere tad heets the eter until another exothermic nucleer o LSRR |

" becokes possible, end the process repeets in t).le feshion until it i3 ine
o terrupted by one of-severel poseible terminsl stepe vhich will be &iscusee

LY

o_leter. ‘ _

The kej factor in pcoduction-or4energj_by nuclear fnsion\is the fact
that heéavier nuclei are bounn more tightly;tnen lighter nuclei _and when _
they form from fusion of lighter nuclei the difference in binding energie
or .the initiel end rinel nuclei is given of? in th: form of enereetic
electrons, positrons, gamma reys, end neutrinos. " The. common mnnifestetion
of this rector can be tbund in the renilier chenicel periodic teble of the
elenents vhere the mees-of & helium atom is leas then the totel‘neee ot
fbur hydrogen atoms thet cen fuse to form one heliun. This mass defect,"
it is celled, is evidence of the binding energy increeee and the energy
givea off in the fusion process is Em= Amcz by the Einstein reletion. .

Tb give an explicit example, ‘consider the fusion reection .

—————

LY > et o e S

b x 1.008 '+ 4.003  +  .0029 gn

. massof L mass of 1. fiass equivalent
' moles of mole of © 0f the excess

"drogen helium energy’
The excess. energy equivelent .0029 am/mole of He formed is equel by the
:/, . Einstedn relation to 2. 61 x lO" ergs.or 6. 5 x 0‘7 ergs/gm of He forned.
This is quite a lot of energy, in fect it is epproxinstely lOs times the
energy. releaeed in a typicel chemicel reection, even 80 energetic n ‘reac-

tion as the explosive burning of hydrogen in air. Such an energetic proce

’
2.

sl




e
i

ie neceseery, hovever;~to eupply_the obeerved enengy nroduction»rntee of
stars. = - o ' o . | -
| The Sun, for exnnple, redietee h x 10" ergs/sec from a mass of
2 x 10" gne}, or about 2 ergl/eec per gram, It can continue at this B
" rnte for some 10 billion years or =3 x 10'7 sec, yielding a total of
6 x 10'? ergs/gn, in good esreenent with, the value celculeted above for
snexrgy production from hydrogen fueion. _
Grevitetionel contrection is an efricient energy source but it oper-
"Letee on a- much shorter time scale then nucleer energy production. Por _'
exnmple, grewitetionel energy releesed by contrection of the Sun fron en _
- initinl gee “cloud to itu preeent eiae vould ruel the Bun at ite preeent rete
3 | of redietion for only.20 million years.  But geologicel evidence on Eerth
) ehowe that the Sun heo been redieting at ite preeent rete for et least
- 3. 5 billion years, and prelent theory of eteller evolution predicts thet
a ster like the Sun vill radiate at neerly ite preeent rete for epproxi-_“
nately lO billion yeers before undergoing eny uubetentiel chengee. There- -
.fore, nuclear burning steges in the life of a star tend to be. reletively ;
long and stable while gravitetional energy production eteges are reletively
short end often dynamically unstable.

T

o The generel proceaeee of fusion. lead |_to production of heewier elenente -

——
——

- from lighter onee. The building up of heevier elementl proceed;_;ou;;l;Q“m-*
in the aequence H~+ He + C » N +.0 +> P + Ne + Mg + 851 ..... Fb. Men& =
stepe and deteila have beon omitted in this outline ‘and some of theee vill
be rilled in leter. There are several feeturee of thie bere outline ot

. ' -7 ’
. nucleosynthesis thd%:geeerve comment at this point. Firet, the uequenge

3
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stops at Fe".l‘Thin:nucleus is the moat stebie one in ne;ure; and the
construction:of any heevier nucleus than Pe'J\requires:e net input of
energy rether than giving off enersy, 80 energy pro\uction by tusion stops
at Pe®. It-is possible to meke heavier elementu than iron in sters but _-‘
the process becones more dirricult and requires rether special conditions, |
as ve shell see. | | | -

The second point to notice Jn the building up scheme above is that
there are lote of gaps in the periodic teble of elemants msde by simple
fusion. For iustenne there is no Ne" br Be' or Li’,'etc., in the sequenceA
above. These ¢lements are ectuelly produced in lnsll emounts in sone of
the nucleer rsections that give uhe msin products listed ebove end ve: |

.f shall shnv how these minor consti uents ere creeted. Toward the hsevier
-.end of the-sequence there are a number of nuclei that. are somevhet neutron-
< - '+, rich in that they hewe more neutrons than. protons.j These elemsnts caanot. |

“  be creeted withoux the preeence ot free neutrons, and somms of tn? steps in
n'ﬁﬁi production of intermediete elements Just beyond atomic veight =20 do occep
| sionslly yield neutrons which can be captured to give the isotopes missing s

from the preceding list

II. Nuclear Reaction Rates
It is cleéar that vhile stsrs last a long time by .our. reckoning, they

ere nevertheless dynsmic, evolving obJects. COnsequently, the retes at

e . o

which various processes thet go.on. in a stsr are or primsry importsnce in ::
understanding its behevior. In perticuler, ve vill went to know the retes ;;?
of poasible nuclear reactions both from e stsndpoint of the stars' energy
production end in order to understsnd hov elements are eynthesized by nucleer

reactions in stars. - ‘A ' o ' - S :




"with any other particle it epproeches cloeer then r

‘The rate of e:pcrticuler'nucleer.reection_ie the product of several

tore‘ﬁhax are not difficult to understand ‘in brosd terms, although some

~ of these fadtors Hay be quite complex in detail. In its simplest form, a

nuclee;,reection may be considered as the possible result ot a8 ¢ollision .

.,“betveen tvo perticleen .Theee particles qcy be of various types including
_“nuclecna.(i.e,, protons, helium'nuclei (alpha particles) and other nuclei _
‘such as deuterium,'He','C”, etc); and lighter particles such as electrons,’

, poeitrone neutrinoe end genme ray photone.

/ : .
It is esay to see that the reaction rate (nunber of nucloer reectione

- per ‘second per unit vanme) must be proportional to the collision rate,

the nunber of collilione per second per cl'. This nay be celculeted in a

. etreightforyerd way. Let the efrective "ei:e" of o particle of one kind,"

say Type 1, be described by radius rl 80 it may be ‘considered to'collide~.,‘

1 If this particle

\ }l, .
novea at velocity Vl- in one eecond it eveeps out a cylinder in epece or
height 'l and bese area wrl vhich - we deeignete o,. This "collieion

cylinder" of area 01, length vl, is such that the Type l perticle vill

collide vith anything within it.’ The area 01 is called the collieion croel
‘:'section of a T?pe 1l particle. The cylinder cvept out in one eecond hae a

. volume O.vV_, (See Figure l)

171
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- If there are N, perticlec of Type 2 per cm?® in the gas, a Type 1

_:perticle will collide with clvlla Type 2 particles eech eecond, and if

there are N, perticlee of Type 1 per cm® the totel collieion rate vlll

be alvlnlna. This oxenple vas beeed on the cneu-ption thet every Type l _
~ particle moved at velocity v and that all Type 2 particles are et reet.
" In. reelitxeboth types of particles heve a wide range of velocitiee end

a suitable averege of the product(av)muet be made over the diltribution
of particle velocities cheracterized by the gee tempereture T. Thie vel- :
"ocity dietribution is the Maxvell—Boltzman dietribution which givee the

v ' rrection or perticles, n(v), heving speede betveen vand v + dv

; n(v) dv = hﬂ (éﬂkt) -mvzlakt dv . | R (l)

Egolliaionl betveen nucleer perticlel teke plece on so small a eize
. .ecele (=lO“’ cm)/thet quantum effecte are very inportent and the eimple'
;cleseicel pictureeibove muet be modiried. The principel chenge is thet
: nucleer dimensione euch as ry muat be expreeeed in terms of .the correepond-
' iing}deBroglie vewelength h/mv. Thie means that the collieion croee eection
.0 will be proportionel to the squere of the deBroglie wevelength i. e., to
v ’, -and’ the product ov in the collision rate must be repleced by v

Thie makes the collision rete R12 proportionel to v" or -

ng = AN;N5 v=! colljaions per cm® per second '“1 (2)t
on' vwhere A is a constant ‘that includea Plenck'e conetent end the neeaea of the _
| | :colliding perticlee. It vould be premature to awerege (2) over the velocity
’ jdietribution (l) at this point becauee there are.more velocity dependent

'faetore yet to be included in- the overall reection rate.

VA
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-toned to forces like rewity and el cctrostetic fbrces vhose potentiels

-

Ve ‘must turn next to sone basic rscts or nucleer‘physicn to see-how -

-

cJose nuclei must epproech eech other for a nucleer reection to teke plece.-

-The central reeture of. nucleer rorcee, for purposes or this discussion,

is thst they are very short renge forces end quite ltrons.- Hb ere accus-

,‘a

.rell off slowly with dietance in r"l reshion and to dipole forces thet

- fall ofr as r-? or even vender Heels forces betvcen molecules thet go as

-7

S L The forces between nuclei rell ore: much more repidly then any of

theee, and it is a feirly ‘good epproximetion to think or the nucleer force

as being derived from a "squere-well" potentiel like that shoun in Mgure 2.

. o . ¢
\

(<]
- -
o3

'Fb-lvcnfia { Eurs.y :
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Fige 2. Nucledr "aquare-well" potential
The renge, o' or this nuclear rorce is of the order of lO"’ cn, the .1:5'

of a nucleon, end the rorce is ettrective, neening that once tuo nuclei

--touch they coelesce much - es do tvo small . droplets of liquid that conbine

under the inrluence or surrece tension forces once their surfeces come -

-‘into contect This,enelogy with a liquid is videly used in nucleer physics

' snd it is a useful vay to think about collisions leading to nucleer reections..

"Host of the nuclear processes of interest in stellar energy production

involve interections between chsrged nuclei such es protons, alpha perticles

0

s v b B . . - ‘ ' ' . )
. . ’ ) ) . ° ) :
S ey . N . . . () T . 5 . . . ..
- L . . . e o .



“.(doubly charged He nuclei), and 50 forth. Theee particles being poei-

\ tively charged, repel each other atrongly at clole range, and aince they

> o

» . -must approach to diltancel x lO“' om to react, they. muat have high ini-
tial velocitiee (i e., high teuperaturea) to overcome the atrong electro-~
atatic Coulomb repulsion. The Coulomb repulaion or tvo protona leparatdd
by 2 x lO“’ cm is = ,5 Mey (l Mev = 1.6 x lO" ergs) Thin corresponds.
to two protona colliding head-on each vith initial velocity «.1,2 x 10°?

'cn/aec vhich ia .ok times the speed of light. In terna of the average
energy, %:kT of a particle in a gas- at te-perature 7 (k is the Bolt:nlnn
conatant 1.38 x lO“6 erga/degree) the Coulonb repuleion correlpond; with
the average energy of hydrogen gas at 5.5 x lO’ degrees K. _Such tenpera-*"

"turee are far above thoae round in the interiors or nornal ltare vhoee B

:'“> . central temperaturea range moetly around 10-30 million OFK. It ia true

that a few very high speed particlea are preeent in a8 gaa at a given temper-:

n” -

ature even particles vhoae kinetic energy are as nuch as 400 times the

’average particie energy as required ror the proton-proton colliaion in
tbe example., But the fraction of auch energetic particles is very enaIlJ‘
indeed (= e'“°° a 10“‘°), much: too small to allow nuclear rcactione to
\ pProceed at a rate aufficient to account for the energy output of a typical
' :eter. There must be some way by which- the Coulomb barrier ~~a be roiled
and the method was first discovered by Gamow in connection with a related
problen’ natural radioactive decay of heavy- elementa by alpha particle :
. ﬂ‘, '.emiaaion. Gamov ahowed that-charged particles which do not have cnough
| energy to go over the barrier may instead go ggg it by the _process of

_ quantum mechanical tunnelling as ahown achematically*in Figure 3_(next_pa8e).

. - i . v . -
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Fige3. Schematic represeontation of tunneling of & charged
particle through e ‘Coulomb barrier.-

< .
o Quantum nechanics deacribea the position of the incident partiole
in the form\of deBroglie vaves of vavelength < (E - Um )"’ which beconea
' imeginary within the barrier wbe‘e E - U 1is negative, \Elementax'y theory
of wave propagation shows - that auch a wvave vill propagate with exponen-
tially decreaeing emplitude into a region vhere its vavelength is imaginary
- . ;-.Thie ia true of electromagnetic wavea (e Bes penetﬁtion into metals to the )
o "skin depth") and acoustical vaves (penetration into dissipative medium),
. '_to cite two familiar examplea, ‘and it ia also true of matter waves (deBroglie"
| wvaves), ' Thererore the matter wvaves édsaociated with an incident charged \
s -particle penetrate into the barrier betweer{ ro and r. vhere ‘the vavelength
A, ia inraginary, but the amplitude decreeﬁe/ exponentially vith distance into ..
the barrier rather than going to zero abruptly at E = uln) - vhere claaei- !

'S

callys the incident particle would stop.v 'I'his means. that theze is a ema]:l ‘

T

- but finite probability for the incident particgi to _tunncl through‘ the

'.‘barrier and be found inuide r . .'I'his probability for tunnelling 'éa'.n be _




tions, end it is ueuelly determined experimentelly.

'

" calculated quentum mechanically and the reeult is thet the barrier trene-

misaion (frection of incident perticlee that get through) is

T « E'% e;p (-hwzzlzae?/hv) o RS | (3)

@ ' ' ° : :
Once the ‘incident particle has penetreted the berrier there is no

certeinty that a nuclear reaction will take plece- the perticlee might

eeperute again elmoet at once, or some other nuclear reection than the one i

.or interest might take plece. A fector P ie therefore included in the

\

reection rate expreeaion. It *a celled the. "nucleer factor" end ie the
probability thet the deaired reaction will occur once thexCoulomb berrier

hes been penetrated This fector is very difficult to celculete vith any.

-

" accuracy et the present gtate of knowledge ebout low energy . nucleer reac-

‘ Put/}ng all the fectora'together; the overall reaction rete.eendbe R

o .

expressed in the form |
. R -1 fo2en-3/2 BY\ - b 2122\ . ‘
R= j (C Nl“z v ) X (V-T Q ) b 4 (e _hv—_) I' av. “‘)
o L - . : 4 !

TR

., Collision .‘ Maxwell-Boltzmann - .Gamow factor Rucleer '
- factor velocity distri- (barrier factor

bution “ .+ transmission)

It is evident that integretionAof'the ebove expreeeion gives efeome-”

vhat compliceted'reeult For particle energies where I’ does not vary repidly

' with energy (1.n., where there are no "reeonencea"‘or energy regione of

enhenced nuclear reaction probability) the rete of energy prodnction, e.-
which is proportional to (h) ‘takes the form

o

N e mBomx, T/ b/ | (5)

10
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S .
' vhere B and b ere conetantl, p 18 the gas density, x "and X2 are the frer-

tione by weight of the interacting nuclear apeciel (Typee 1 and 2-in the
earlier diecueeion), and T ig the abeolute tenpereture . Even this expres- -
eion ie inconvenient ror lany ueea and can be. expreeeed in etill siupler

.form over a limited temperature range, ° ' S .

€= AnXIXéTn L o . g;\ — (G)j"--
vhere n ie a positive number that variee eonewhat with energy but vhich -
. can be taken ea constant over a reaaonable temperature range. The exponent ‘

n ie large ranging from about b for the pp cycle deecribed below at telper- )

eturee around 2 x 107°K to about 20 for the CNO cycle at temperaturee around“.

~ -

‘ 1_5 x 1070k, - S - _ i : R o i 'L.:

III. Nuclear Energy Production in Stars

The aimpleat and most efficient energy producing nuclear reactiona in-

>

. T' volve the building up of He® nuclei from H! nuclei (protons) by two princi-<

ple nodee. One of theee, the p-p chein, involvee only light nuclei up to

©

,He in ite principal form vhile the other involvee carbon, nitrogen, and
oxygen nuclei and is congznly referred to as the CN chain or’ CNO bi-cycle .
since it coneieta of two interrelated reaction cycles. : '

The p-p chain in its principal form (p-p I) coneieta of three stepe
that take place - in seriee as shown below- v ‘

(1) H‘ +H D2 + e+ +v .
W - v

T-(2). Hl + D2 - He g+ Y K p-p I chain o ‘ »(7)

o

(3) He + He® + He" + 2H‘

1

In these reactione p? is a deuterium nucleue, et ts ‘a poaitron Y ia -a ge-na
o '

N

~— | ray, and v ie a neutrino. Other poesible reactions such-as Hl + He®,

1

1o



™

D*+ D2 D+ Ha' proceed et negligible ratee ‘and have been omitted. T il

if;mv;f,- S evident thet the overall effect of this reection chein is to fuee fbur g
' protons into an alphe perticlec - . ' i _ - ‘,‘_ 5
| -k H' + Ho® + 2e* t2v+ ey L (8’;

The 2 poeitrone eoon find electrons. annihilete. end yiQLd 2 more Y'e eech

be

" tor a totel 6 gemne reye plue 2 neutrinoe emitted for eech nlpha perticle
(ue“) formea. ¥ o | , L
There are tvo edditionel related groupe of Teactions thet tenporerily
" form nuclei of somewhet higher nmass. (147, Be7 Be'..end B%) by the follov~
. ing chaine° L - ' .

He + He -+ Be’ + vy

Be” ¢ e~ » Li7 +V T St
g . . P=p-II chain T (9)
Li? + H‘.*'Be'.+ Y o ' T

ot

" Be® » 2-He“

o : - S . '
- . The letter reection, Be + 2 He", takes plece eponteneouely because Be' ie ,
an unstable nucleuu with a halr-lire of only 2. 6 x 10"‘eec. Instead of.

cepturing a rree electron the Be7 in the firet step of (9) can collide uith

. ,'.
- . L . e . e

-a proton to form boron° ' .
o l'Be’ + H'.+ B® + v cEeT T R
S B Bet et ay | ST 7 (10)
) | 'B.+gne~' | R
, R T . RS
The slowest step in the p-p chain 14 the initiel one, 2 n‘ + n2 tet ey,
and this rete limiting etep controls the vhole chain.. ' )

It ia possible to set up e group of linear difrerential equetionl for,

the time-varietion or the ebundences of each speciea in the p-p}cheipe eboye,{

"_% ' . - _;12
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: : . R L
Theae equationa resenmble thoae of radioactive decay equationa, and theix o

:“f*L ‘:("f*wm~~solutiona are. in the 'brm of a_series of exponential buildup and decay
: FL':'ZY .. ternn fbr the individual apeciee._ Theae “solutions of the abundance equa-'ir
| ) } - _ftiona are uacful in dealing vith rapid phaaea of atellar evolution that :_
- S f“ ) take place on time acalee too ahort to allov equilibriun to be eatabliahed
o anong nuclear epeciee.. Or the equationa can be used to predict equilibriul
iabundancea among the various nuclear apeciea during alov stagea of evolu-"
,tion.' Theae equilibriun abundancea -are inveraely proportional to reaction
: ratea involving the speciea. Nuclei that . have elow&reaction ratea vill be
'Fi abundant while those that react rapidly will have correapondingly low. con=
- centrationa and theee relative abundancea are 1mportant in eatabliahing
o “ the buildup of heavier elementa by the varioua modee or nucledayntheaia.
; - . A star containing only H and He (e.g., extreme Population II atare)

;’ jf‘r' ‘j muat operate on the p-p chaina but there is another option available for
\\ ! .
e ‘\\\\i\atars ‘with an admixture of heavier elementa, specifically c and N In

T e——

%hia case C"‘and N'“~acrve as catalyata 1n a double cycle of reactione

: by vhich h H' + He" as befone. The baeic CND“cycleiia followa :

,_..____.—_4....._—__. < . - i o

\_.Clz + Hl -'N” tY

-

N"+c" e*+u -

N LI ‘H' - 015 sy

Y

.
t
-——_---"-_— — -

ols.* N’? + et +V

- 'N'lls +'HE‘ + Ha' Clz , |
'}.,?’"947 — » R | R

+ !+ FV7 "'-.Y : S K ’.-. P Je ’ .

P ("""“.7 +e®: e U

011+ K! _\’ He'."df R R : i )
. L P 1 -. . ] . . :l

ks . ~
'__.‘_.-’_-,—_.___-_—'-..
o
-
o

: " or. - e .-
-——--+-e’\“““:" B : S
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. The rate_limiting‘reuetion is N‘l»(p, ). Q" 8o N'* eventuallj b_elcomne_n-'l
the-most abhndnnt epecies in the bi-cyole% The initiel'cu and C'® nuclei
 become converted in tine.nostly into N!*., - S "" S . |
,Beai . e prinary rusion reectiona conteined in the P~p chein end
CHO bi-cycle there*\\exother reactione that fuee other nuclei thnn Ha to
fproduce significant ‘contributions to atellar energy- generntion under cer-- 1;
: ; htnin conditione. The rirst of these to be considered ie the fusion or ;
" three alphe perticlea (He" nuclei) to torn a c!? nucleus. The.etreight- -
'forvurd reaction v 3 j B | .
Coometect )
t . is a ver& unlikely reaction-bechuSe it vould involve a 3—body.colliaion,
| fmorqover one in which tvo Coulomb barrier tunnellinga must occur. linul-.
tanaously The probability for such an event even under conditione at
.o " the center of a star is so amall as to rule out thie reection as a viable'

. energy aource. ﬁ' . - e e _" B »'/;

There is however, a vay for the’ triple alpha (3a) reaction to go 7n
"', two steps. The first mnkea & Be® nucleus vie the inverse of the decay .
‘ reaction for thia nucleuu, namely -

(. He* +He* TEe® - SRR ) N
' A X . .) ' .. N ) : i -

Aa mentioned eerlier, the Be® lasts only a very short time since ita decay )

. Iifetipe is 2.6 x lO 16’ aec.. In @ hot, dense He* gas deep in a stellar

|
interior this short lifetime ia aufficient to give a reaeonable;chance _

) -

" that. the. Be® will be struck by another He before it decqye, yielding

. . J L.
2 -c" by ‘the reection : : . P ‘;l
P SRS : : : R

La a "0 Be® + He* T2y . ' N (lh)




Even this step would not produce appreciable cerbon were it not for the

fact that there is an excited stete of the Clz -whose energy level is neer

e

the combined neee-energy of Be® + He-. Even go, “the. excited c" state

decays be.ck into Be' + He" most of the ‘tire and into a steble C'? state

G

only occasionelly. The le;rge Coulomb bn.rrier for both (a a:) and (Be',ac)_

collisions leads to a very strong tempereture dependence of the overall
reaction rate for the triple alphe proceee. The energy production rnte
‘_for this process can be represented approrimntely by a m dependence vhere
n vnriee vith tempereture but renges'betveen 30 and 40 for tenperetures -
‘betveen 10° and 10%0K where this process is an inportent energy generetor.
From the etendpoint of nucleosyntheeis the 3a renction is very i-por-'lt
tent for it ie the bridge from very light element eyntheeie to the pro- |
.duction of heevier elements. It is e herd bridge to croae but one thut
can generete eubetantiel amounts of Cu in 1etenevolutionnrv etngee cf

i : '
o mnseive etere.' C" s the fifth most ebundnnt nucleus in the solar eyeten-

i'end presumenbly eleo in the Univeree teetimony to the operetion of the 3n C
‘ proceee deepite the»rether unlikely proepecte for ite succeeu. _ ' )

The third most e.bundent element is o“, formed.- in pe.rt by ‘the cno
cycle end in part by the direct capture of an elpha perticle by cl? vy i Y
'the reection _ . A
| 'c"""2 + He* » 018 4'7 e s
L -In a similar vay we can account for Ne" eyntheeie, |

' o" + He" + Ne2? 4 Y T (16)'_":.

Under conditions favorable to this reaction however the Ne2° rapidly picke
up an elpha particle to torm Mgz“ leaving e low nbundnnce of Ne2°l Thie low
- abundance of Ne predicted on the bnsis of alpha cepture doee not ngree o
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. ‘with the observed natural abundance of Ne2° which puts it fourth in order
behind O and ghead of c. In Population I stars ug’“ is eighth in order of

abundence well below Ne2° in contrast vith predictions from alpha pro- f

e

cesses. The order of oraerved abundsnces in Pop. I stars is e

- H, He, o Ne, c, N 31 Mg, 8, Ar, Pe, Na, c1, Al Ca, F, N1 ‘(11)

N

Clesrly the obeerved Ne.abundance must be accounted for by processes e
other than (16) above. -
The He burning does not involve temperatures high enough to build ele- ,
-ments much teyond Mg The Coulomb barrier for alpha cepture becomee too N |
, great and the alpha capture rate decreases rapidly 80 relatively little
':synthesis of heavier elements can tske place before. aIl the He is exhausted
in the core of a star.: The star s central\temperature will continue to rise
.as a result of gravitetionsl contraction or its inert C‘2 core’ forned as
- He -, C, and 1ifr the star is massive enough, the core temperature may reach
* 6 x 1o'°x whereupon c12 begins to combine with itself in a carbon-burning
"phase oo e o
C'2 4 12 . Mg2* + y
o l; Naés_+ u!
. *'_.Neiw + He"
SMgttin
' (

+.0'% + 2 He* R

18y

.oh

.o

One of the resctiona above yieids free neutrons, and there is snother
important source of these particles through the reaction chain

C'2 4 jl o 12 gl g et ev _ I

cld + He* + 01% & n

16




T o _ - Tpe proton thet 13 captured by C" to form N" in the firat etep comee
frcm the ‘second line of equntion (18)b
The free neutrone libereted in these reecticns ere evnileble for cep-‘
turc by virtunlly everything present 1n the gas and thie cepture 1e relep
tively easy because there 1e no Coulomb berrier between 8 neutron vhich is
ﬂ & neutral particle and an 1on. The neutrone are therefore aveileble to |
N h syntheeize a variety of heavier elemente.' L c H\\\;
The elpha perticlea libereted in tvo of the C—burning stepe cen\be\
ceptured by cl?, O",.Ne3°.lend Mgz', and the tempereture is now high enough
' to meke theee capturea go at nghenaible rete even with Mgz“ to form Siz'

Once all the cerbon hee been conaumed the centrel tempereture ‘of. the

eter will riee egein due to grevitetional contraction, end 1f the eter 1e ®

A

pre——

. m.aaive enoueh fbr this tempereture to reech a 1o’0x, oxygen burning V111 .
begin. I | | ...' “‘; | a:v. _

. . - 0116'4'_0“.‘4:332 .y . ” e ¥

L i

o

RN U

+ 5128 4 ge*
- Mgz5 + Hen.
. .7, 3y ’ V @

" This reaction seriee 18 very much like thet for C-burning, end again there -

113 one direct neutron producing reecticn. _
T At tempcreturcc betwecn 6 x 10' end 10’°K vhere cerbon end oxygen l.;
burning takc placc the thcrmal photone h3ve enough cnergy to cause disin-'ﬁ~
'ﬁegration of many of the nuclei that have been built up by the reectione
*deecribed above. This photodisintegration is enalogous to thermal 1onizetion

.of gesea such as H which takes place at x 10“°K' Beceuee'nuclei are bound

L,




“.ravors the rormation of nuclei in the vicinity of the iron peak

@

together much more tightly (by a factor of = 10°%) than electrone are bound

to atoms, it rollowa that nuclear photodisintegration ghould take place at

.much ‘higher temperatures of the order of: 10’°K. For example Ne2? whose

vabundagg we have noted already posea a problem ie further broken down by

: photodisintegration at temperatures above 10°°K' :

Y+ Ne2® + o1t 4 He® g - S L B (21)

"disintegrations are the inverse of earlier building-up reactions that yield

a gamma ray, i. e., the reactions A+ d e (A + h) +y goea both vays ‘at high
enough temperatures. | T ,
Q" o

At atill higher temperatures ”beyond about 1.3 x 109 °K where’ oxygen o

. ¢

' burning is complete the nuclear reactions are mostly or a rearrangement

.aof this disintegration are quickly captured by another nucleus.. In such _

L

: reactions there is a trend toward equilibrium in which mainly the .most
'atable nuclei aurvive._ There is a broad mnaximum in the nuclear etability

curve the curve’ of binding energy, in the vicinity or Fe , ‘80 equilibrium

T
N - ~

~.

The rearrangement reactions begin to be important 1. e., to occur S

rapidly, at about 3 x. 109 °K and at these temperatur‘ 12q is the pre-

dominant nucleus remaining since it is more tightl -bound than the other

- products of oxygen burning which ‘have largely been photodisintegrated by
_this time. Accordingly, the rearrangement reactions leading to iron peak

"‘nuclei are often considered to begin with a predominantly Siza gas. ‘A

®*

great variety of reactions proceeds simultaneously with the res ult that the

details become very difficult to follow. However the overall trend toward

‘This is Junt the inverse of. the alpha capture by 0“,\and in general photo~" "

o type in which the existing nuclei are photodiaintegrated and the products i~,

"o
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‘tiv the iron peak elemente is clear, These reactione tending tovard equili- -
x\ brium concentratione of the elementa are referred to &8 e- proceeeee in |

the parlence of nucleoeyntheeil.: - | .. ﬂ: 3 l

 1In order for equilibrium to be approached, it is neceleery ror the .

varioun rearrangement reactione to proceed faeter than the el_ :nte eon -

fbrmed are able to undergo beta decey, and thil il vhy the e- ‘roceee re-.ﬂ
quirec temperaturee above 3 x 10' degrees. At elightly 1 wer tempereturee”;

. .;5 . t :' the B-decay proceeeee are al rapid as the photodieintegratione dnd lead _

' ' to other than an equilibrium mixture of nuclei. Thie non-equilibrium mix-

‘;: ture is. very difricult to. calculate in contraet with the. equilibrium abun- E

%
dancea vhich are eaeily calculated by methode of ltatietical mechenice rrom ’

‘ iﬁ relative binding energiee of the nuclei. Theee binding energies are ac- 5
r | 'curately known rrom laboratory meaeuremente. ' i‘:_ i_" -
The calculation of equilibrium abundancee follows the same procedure
‘ a8 calculation of parent-daughter ratioe in the eecular equilibrium of a |
. ' - natural radioactive decay chain. The method can be illuatrated by a simple,'

e f_l.' three element chain

- Each line in this figure represents one element designated by numberé 1,
: 2, 3; The differential equation for the decay of element (1) is simply
‘T‘.‘ ‘_ ‘ . . . . ' . ...len . . L . . ' . C - ) “ . ‘ ' ) _\ ]

S——— _AN-"\
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. vhere A e its decay rate. For element (2) the equation is a little more
'complicated since Nz(t) 1s increasing as a relult or docays of Nl vhich

- convert (l) into (2), but N2 is also being depleted by decay into (3) Thus

cuN - '-'b' ) ) . . h -
ar"‘l“l"_-*?l‘e S

/' Finally, N, is built up entirely by decay of (2), 80 = .,
N ' . . L dn . SRR .-v o ‘. _7 v . ‘ ) -‘ ) .
e o A .——3. = A2N2 . N . - , o ° __ - . ".

: Thage three_coupled difrerential equations can be solved by rather simple .

'methods,‘but in-a.mnch more‘complex scheme such.as occurs in a star'in which

o there are very many elements and- several interconnected buildup and decay

l

:chains the equations become formidably complex.‘ In the equilibrium case in ﬂ

. " which all time variations dNyg Have: become zero the equations reduce to a’ o
. S s ’ at_- o o s f.,”"’"
"set of simultaneous algebraic equations rather than difrerential equations,
' xn -

In the above example these reduce simply to Ll 2N2 = 0 or N2/N1 ® Xl/xa

" Thus the equilibrium ratio or N2 to Nl is given simply by the ratio xl/l

. of decay constants. Even with complex stellar buildup schemes the equilibrium
ratios .can: be obtained as ratios of reaction rates without solving the aifr--

\l o .ferential eQuations. ' T .
L - The production of neutrons becomes copious in the temperature ranée
above lO’ °K by=processes already mentioned and these are available to

build the neutron—rich isotopes of elements lighter than the iron peak.

They can also build elements heavier than the iron group clear up to Biz°’
;; ' The next heavier element P 21°, is unstable and decays by a-decay as °

.‘rapidly as it forms in the relatively slow neutron additlon processes that

20" ¢
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go on in evolutionary stagee orggfr&al atars. These neutron capture pro- N :

‘cesses that teke place in’ late red giant stars have been terled.l-procelsec ;

f("slcw" neutron processel) -Detailed calculstions based upon neutron cap-

Lo

tb_ S ture cross sections measured in the laboratory (e.g. Oak Ridge) vith 25 kev,
neutrons hawo been rather successrul in predicting observed relative abun-
)
. dences of elenents heavier than’ Fe" up to le°i and even beyond to Bi"’

O
vith somewhat less accuracy. z,//
At still higher temperatures (> Sx 10’ °K) neutron fluxel are greatly
‘increased and neutron capture rates greatly exceed B-decay and a-decey o
rates permitting the buildup or unstable elements heavier than Biz°’ ell
. . :Q,the vay to cr”f and perhaps beyond, though such high atomic veight elements p

are. very unstable and decay quickly. Not o” is high temperature but also’

high density required to build elements a ve atomic weight 209 The key
il
to production or these elements is rapidity of formation ‘to overcome the

cdmpetition of rapid- decay rates, and we ‘have’ seen that the reaction rates y

a

" are proportional to density so high densities are required.- In practice,

~ -

densities above lO' gms/cm are generaliy needed for the rapid neutron

capture processes to be successful ' These are generally callederprocesses,'
Q

and the temperatures and densities that make them possible as element butlders
. are thought to oceur only in.the explosion of a supernova Details of" these
l"catacysmic events will be treated in:;;othe;>idnitext of this series en-f
-titled “Explosive Astrophyeics".; It will be surficient here to say that

within the order of 15° minutes, during which a typical supernova is believed

~to collspse and explode the conditions are right for the r- processes to

'take plsce snd in this short period the synthesis of all elements beyond

N

B1209 occurs In addition significant amounts of many elements between Ge

A}
. v




v",the eoler eyetem gold ebundence ie believed to have been produced by r-_ -

H

and Bi are eleo produced by'r-proceeeee; Fbr'exemple, from 50 to 80% of .

4

processes. " " This means thet moet of the golda. - i_ - in/pne s

"dental fillinge, or in the rings on one'e finger wee creeted in the interior :

of & eupernove. Sueh exploeionl ello eolve the problem of how, once e

-;-heevy element is created deep vithin e eter, it manages to eecepe 1nto the

intereteller regions of epece. !herl it may leter be reeelembled by grevity -

.'intonenother eter to give epectroecopic evidence of its prelence thil time ﬂ

°

in the outer leyers of the eter, or in the case of the Sun, in ite eurround- -

r
ing plenets that vere formed from the same reproceaeed intereteller metter.- .
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STELLAR EVOLUTION

s - - A

N Introduction e

A stur loses energy, so it must chengu.with time. The equilibrium :
structure of a. stsr is uniquely determined hy its mnss and composition (1)

‘ . Al dt redieten evny energy, it must lose mass (E = mcz), and this effect

I3
a

nlone might be expected to cnuse B change in the star. " In very luminous

Iy .

stars mass loss both by rsdiation and by stellsr vind can - heve eome notice- E

-

. nble effects but in stars like the sun the'mess change is very small jf-.~ '
The sun, for exsmple,_loses less thah lOT”-of_its mass .in a billion yeeréf

through radiation, herdly.enough‘to produce:sn hppreciable change in’ strue-
ture' ’ v ’ o ; . - .

Invthe energy'producing core of a'starzn more subtle but more influ-

' ential mass loss occurs. There hydrogen is being converted into heavier o
o . )
[ .
elements, “He, .C, Ny 0 end this ceuses’the molecular veight of the core to

increese. This increese is substantisl. Suppose a star begins at "zero"

"

_ .age" on the mnin.sequence vith a typical composition for solar type stsrs"‘v

X = 12, Y = .26, Z = .02 giving H.='0.608. (2) ppter sueficient time has.

I

°

(1) This statement is known as the Vogt-Russell theorem‘\\dfholds-for‘neerly

all types of stars. ‘7 N , e e
(2) The notation here is'conventional in estrophysics; X and- Y are respec-

tively the fractional ‘compositions by weight of hydrogen ‘and helium. '

Z is the weight fraction of all elements heavier than helium . Since

thesge are fractional" compositions X+Y+ Z n ], '

" The "molecular veight" of the gas, u, is the mean veight per psrticle.
‘8ince the gas in the interior of a star is fully ionized, the electrons'

" freed by ionization must be counted among the perticles in determining
M.~ The 1ight weight electrons dilute the "gas" inside the star, and its
effective molecular weight is considerably smaller than the usual values .
we are accustomed to in chemistry. Ionized: hydrogen for example, has -
U= 0.5 instesad of ‘its un-ionized value of .1 familiar in chemistry. De-
-teils of -the derivntion of h- formula for u of .an, ionized gas can be
’found in the’ minitext on’ Stellar Structure or in eny standard text such
‘a8 M. Schwarzschild, "Structure and Evolution of the Stars", Dover, (1966)'

The resul is . . )
uﬁ——_—.l R




N pussed (=10’° years for a star like the sun) most of the hydrogen in the |
. _;;. core hes been changed into helium, end the core compoeitlon might typically
| Jbe X. = .02, Y= .95, Z = 03¢ ‘giving y = 1 303, more than double ite initiel
) vnlue.“ Such a change in w luet causs a lerge chenge in structure. and oh-
) Vioualy the evolved etructure is quite dirferent from the initially homo- N
' geneoue one.. The "old" ster hee an elmoet pure He core uherees it begen
a8 moetlv.h. Other: coneequencee of the hydrogen burning follov. too, ee
will. ve. eeen. o "1ﬂﬁi.¥;
We ehall trnce the evolution of’ etare of eaverel different meeeee and
tvo uidely dirrerent compoeitionn from the initial stegee of formetion frou
interetellar gas and dust, through the mnin etege of“life spent on the Mlin _

R \
]

Sequence and on to the verioue fetes that can eventuelly hefall etere as they

LN

' grov old and exheuet their centrel’euppliee of nuclear’ ruel ultinntely col-

lepeing\under the grip of grevity. ’ _ S Lo RN '__ A

.‘ ‘

o A etar trevels through life by a eucceeaion of elternating energy pro- -

,_. .s

duction mecheniens.‘ Firet, gravity .causes contrection of a gassy,’ dusty

°

f\fﬂ\\ interatellar cloud raising ite central dennitY and temperature 10 the proceen

LI ~

until both are high enough to begin hydrogen fueion into helium Then nucleer
energy production tekes over the Job of eupplying the energy the eter redietee‘
evey. Since this energy eource ie both efricient and well eupplied‘vith fuel
it operatee-for 8 reletively long time hut not forever. The time eventuelly
comee vhen hydrogen in the core ie used ‘up, and the star turne egain to- grewity
to supply 1ts energy. requirenente.‘ The core contrecte, and in 80 doing it .
heats up eufriciently ‘to ignite fusion in = ehell of H around it," Thie ehell-‘
N, .157.“‘ burning source then’ takee over energy production and the etar once agein re- '

' 4

lies upon nuclear energy. Grevity continuee to squeeze the conetently groving

¢
P . 13}
v . " ) q{‘
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helium core, and eventually, ir. the atar ie naaaive enough thia core begina
to "burn" He to form C'z bv the triple alpha proceea°’
| 3ue,c”'> |

. In this iiy a nev aOurce'of nuclear energy-ie added. Evcntually the He in

thexcore ia all converted into carbon, and thia nuclcar energy eource cealea..

o]

vity once more takee over, aqueezing and heating the core further until,

. ‘if the star is Iaseive enough, even the carbon may begin to fuae into aeveral

~producta such as Ne2° + He“ Haz’ + i, and occasionally Mgz’ + n, an impor- fﬁg

°

.’g:ltant eource of neutrona for building heavier elemente. A helium burning

. ehell vill alao form beforc the core begiue burning carbon. N f. “-:

If the atar ia not heavy enough to proceed to the next poaaible core.-i

_ ;hmrning etage,.it vill etill have one or. more ahell burning aoﬁrcea of energy. -

and gravity uill continue *o operate on the core until it beconea degenerate,

~vhereupon contraction virtually ceases. . Degeneracy ia a conaequence of the .

"J‘Pauli Exclusion Principle which governa the occupation of available energy

*etatea in a denae collection of interacting spin k particles such aa alectrona.,

o ce

Ordinary metale exhibit the featurea of a degenerate "electron gaa" that are

’_of importance in degenerate atellar interiora namely high thernal condnctivity.

-

"and lov compreaeibility..,Theae metallic characteriatics of a degenerate core
will.be of importance later in undcratanding»certain phasea”ot~atellar evplu- Qf
Our knovledge of stellar evolution reeta upon tvo foundatione.. Firat;“'
there .‘ qheervationa of atars from vhich auch propertiea as mass aurface _i

Ce

.teuperature, aurface compoaition. radiua. and»rate of-radiation of energy

‘- can be“deternined. A great deal of effort and ingenuity by obaervational -: .

. astrononera has gone into the gathering and interpretation of the data on;

v -‘uhich our knowledge about the. maae, luminoaity, temperature, radiun, and conp gf

_poaition (M L, T, R, u) of the atare depends. Much of this obaervational

> . . : : L e




' _"pond in observable properties (M, L T R u) vith real stars. Since rea‘ :

i:'of stars. ‘:

T . o
i‘h‘ . b
information is summarizod graphically in the two chief diagrams of astronomv.

' 4

7 the Hertzsprung-Russell (H-R) diagram and the Mass—Luminosity (M—L) disgram

vhich show what values of M, L, T, U4 are. exhibited by real stars.
The second roundation of stellar evolution rests upon the branch of

sstrophysics that deals vith stellar structure._ It 18 the task of this scienco

'to reproduce by calculation from tirst principles stellar models that corres~ -

stars fall into vell defined and often quite narrov regions of the H-R.snd :

el

H—L diagrams it is evident that nature has plsced tight restrictions uponl“

‘the range or possible structures of a. star. To put. it snother vay, ‘we - might

'z say that the lavs of physics select only those stellar structures that con- _:'

N form to observed stars, and 1t is the task of the science of stellsr structuref'

n: .to learn how properly to apply the lavs of physics to yield realistic models

o,"-

Among the great numbers of observable stars are to be found a vide gamut

':»of the properties M L T, R,, plus one additional variable.- T or "age

That is ve are surely observing stars with a grest range of ages from very
‘young, nevly formed stars, perhaps less than 105 years old _to. those more thsn .
“-1o‘° years old, Jomparable to the age of“the Universe. All of these stars lie d
.:in well defined regions of: the H-R diagram, and it 1s one of’ the tasks of the

'study or stellar‘evolution to discover how the observable properties of a star,

change vith time and hov a star moves in the H-R diagram as it ages._.

There is clearly a very close’ connection between the study of stellar
structure, and the study or stellar evolution. The procedure to be followed .
‘in discovering how Ltars evolve is straightforward. One starts vith ; model

of a real star lying somevhere on the H-R diagram usually on the main sequence'

ﬁas a.beginning. uThe-internal,structure of this'star together vith a knowledge.:‘

< L.




- of its luminosity "or rate of" energy loss permits calculation of the rate at

.

vhich the composition changas inside the star vhere nuclear transmutations
‘convert one kind of nuclaus into another (e 8- H -+ He) and the’ rate at vhich
~gravity squeezes the intarior during evolutionary phases in vnich gravita—>

_tional energy production is significant.' A nev modal may then be calculatad )
' based upon the altered composition u, of the slightly evolved star. This
process is repeated many timas to obtain a vhole series\of models evolving
' ;vith time. Tha observable parameters L, and T, for!this series vill be re- |
prasentad by a track on tha H-R diagram. These tracks are the principle '

(

imeans by vhich the results of evolutionary studies are presented and they

i

-; form the point of contact betveen theory and observation the tracks must

.laad>through ragions in vhich real stars are found whose characteristics
agrea vith those of: the theoretical models.o The: time variations of intarnal
structures of a series of evolved models give furthervdetailed information
Vabout the changes that take place vithin a star as it ages, and a full appre-*z;
ciation of stellar evolution can only be gained by a atudy of such models.-

' ‘We will thererore supplament discussion of evolutionary tracks on the H-R

H diagram by description of the corresponding internal changes that take place
in aging stars : The descriptions of evolution will necessarily be qualitative,

, but this should not obscure the fact that they are based upon carefully con-
\

- '.structed quantitative models in which such properties as density, tempera ura,

».

etc., have been vorked out as. functions of radius.

ar

‘-

IT. Earliest Stages Star Formation
| The beginnings and endings of the stars remain the least understood
phases of - stellar evolution middle life is the best known phase. Therefore,

in discussing the initial stages in the formation of a star we are dealing

with an area that remains aketchy and rather speculative. Meost treatmants of_7




stellar evolution are content to begin with the obvious fect that etere
do form end to etart dealing vith them in the etagee Just preceding errivul '
at the mein eequence period vhere they remain for most ‘of their life burningh
hydrogen into helium, _ /'? . | - N
_ We ehell look beck further then thie, hovever, in an attempt to outline
l_.aome of the mein features/in the birth of a eter from the grevitational con-'
trection of a lerge cloud of interstellar gas end duet
Aetrononere'heve co vincing evidence thet etar formation.vae'not a one-'
tine phase 'in the evolution of the Univeree but ie a more or lees continuoue
proceee which is going n ‘even today They eleo observe that the nev, young."'
' stars form only in regione of the Gelaxy that heve high concentratione of .
ges end-duet The gas), chiefly hydrogen, cen be detected by radio estronomy
: by meene of a epectreﬁ line at a frequency of lh20 MHZ vhich liee in the
_'n _ reedily acceeeible miTroweve region at a wevelength of about- 2l cm. " The duet‘.
o consiste of microecopic solid particlee generally thought to be in the eize
renge nf a few thoueend Rngetroma and to coneiet mainly of graphite and eili-d'

NS
i

catee, perhapa with thin coatinge of ice. . "_ | T

Interetellar gas makes up 98-991 of the matter from which etare condenee"_

I~

- end ite concentratio? is roughly 1l etom per cm’. Thue the metter 1eeded to

form a star of eboutfone solar mass (22 x lO”lgm) must come from an inter-_” ‘

.- ~etella.r cloud vhose dnitial radiue'ie of’ order 10'% cm (10 light yeare) The

4

temperature of thie:gae has been eetimated to be =100°K (from its infrered
|

emieeion, emong othjr thinge), and ite etebility may be teeted by in uiring ,

. whether its grevitational attrection is strong enough to prevent its Luter

atoms trom evnporating avay. The gravitetional potentiel energy of etom*.
:WB

or_meea m %t theeedge-of-e cloud of mass M and rediue'R is G#m where

..

} 18 the‘-;r

AN
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gravitational constant (6. 67 x 10”% tn cgs. units) If:thismis equal to
the thermal energy of the peripheral atom, %.kT (where k is the Boltzmann

constant), then the cloud will'Just be stable. I will collapse if.:"

£

vhich ia the condition that the pull of gravity bve stronger than ‘the disai- SR
o pating tendency ot thermal motions. It is more convenient to put this in- f_
. | > equality into a form involving the cloud density, P, eliminating R by the

expression.§ T R’p = M . This gives

(M) ( ) 2 b x 10-“'r3 g:na/cm" | | . (1)

or p>bhx 10-22T3 (Mo) gms/cm® for contraction " (1a)
. M/ ) _ o o

‘T

It follovs from this relatioh that a. cloud of 1 solar mass (M = M,)

e

at 100° k vill be stable against thermal dissipation if its initial density
18 greater than about b x 10-16 g,;, cm~?. " How does this compare with the
ensity of the in*erstellar cloud containing approximately one atom psr em??

It ‘the atom: is hydrogen the cloud density will be (6 03 x 102’)‘

v

e | R 1J67 x 10~2% gm en” 3, about a factor.los too low to condense. Such a cloud

W
¥ .

vill dissipate unless compressed by some external force, and the compression
S § 4 it occurs, must raise the density by 8 factor x2 x lquLithout increasing

its temperature. It T increases during compressionf Eqn (1) tells us that

the compression factor must be even greater than 2x 10s but this is likely ,
to produce an even greater rise in temperature and is likely to be 8 losing

&
-proposition.h It might. be argued that if the compression were slow enough,
"the gas cloud might;be'able to radiate away most of‘its~excess thermal energy: .

o
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_ end remsin near 100° k.. This process, hovever vould require a long time,

X

- of the order of 10 million years according to. celculstions, snd 1t is diffi-

.cult to imsgine an effective compressive mschanism (remember the compression
' factor must e 2 10‘) that operates so slovly. f o ‘qf_' 5_ ;

ws are forced to the conclusion thst a star such as the Sun probsbly did
_not. condense ne&tly end efficiently from a cloud of ebout one . solsr msss.‘ In-
stesd, it most likely condensed from a much lerger cloud together with & |
| .shover of other stsrs probsbly with quite dow efficiency lesving behind most
. of its perent gss cloud uncondensed into stsrs. Observetions on the ‘sizes of
;interstellsr clouds that sre fsirly vell defined in our pert of the Galsxy
1ndicste a rsnge of several tens to perhsps a hundred light yesrs in size
(2 lO2° cm) vith hydrogen perticle densities elresdy up by a fsctor 10 over
the average interstellsr value of 1 per- cm’.“ Such clouds mey contsin scverel
hundred soler nasses and are often observed to be: sssocisted vith groups of

¢

.young stars in eccordance with the suggestion thst stars rarely ir ever form
'; singly.; *45“’ _ o I o K L |
A 100 My cloud at 100°l.needs a density greater than b'x 1072° gm cm"
to be stsble sgsinst thermsl dissipstion sccording to Eqn. (l) and a cloud N
"of 10° M° vould need p> b x 1022, Compered with p = 1.6 x 10-23 gn cm~?
'-for a perticle density of 10. stoms/cm » €ven clouds this lsrge are unstsble,
but not by 80 lsree a fsctor as before. More modest compression by externsl '
forces (rsdistion pressure from nesrby stsrs, collisions with other gas clouds,‘
Lmsgnetic fields) riow becomes conceivsble es a means of reising the density to
'the critical point that vill initiete grsvitstionsl contrsction end subsequent"
star formation. . . . < | _‘ o
-Once grsvitetional contrsction begins sll is not simple because the
‘tempersture tends ‘to rise snd this rspidly increeses the tendency of the

@

cloud to- dissipste sgsin (nc+e the T3 fsctor in Eqn. (13). As long as the

‘_/’7
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«cloud remains transparent to its own thermal radiation. there is a chance fora
?it to radiate avay energy fast enough to keep itself cool enough to prevent
the contraction from stopping short of: star formation. The presence of dust
'~grains is especially valuable in converting ges atom thermal energy into _
. thermal radiation. the gas atoms collida with the grains heating them, and '
lthe grains radiate at lcng vavelengths into space like microscopic blackbody
radiators.' The gas is quite transparent to the far infrared radiation of
. the grains aa long as temperatures remain 1ov, and the whole mixture of gas
.:nd dust appears able to radiate well enough to let contraction continue once'
.lit hegins. Msny details are still not clear and cannot be puraued here.
. | As the cloud. contracts it heats up,_and it also spins faster since ita
angular momentum is conserved. Let us first consider ‘the conaequences of.
. .

' angular momentum conservation because it poses a problem in star formation
every bit as formidable as the contraction va. thermal dissipation problcm

outlined above;x Consider a gas cloud vith a radius 103°.

b

.cm .and a mass of f
1ob Mg = 2.x 10” grams. LIt it 18 a uniform spherical cloud its initial
angular momentum can be’ calculated by elemsntary principles to be g MR? ‘its
‘moment of inertia\ tines its initial angular velocity w, R
The cloud will have on the average ‘an initial angular velocity imparted

f by the shear forces that arise ‘from differential rotation about the center of

" the Galaxy &his rotation of the cloud arises from the fact that parts of the

\‘cloud closer to the center of the Galaxy have higher orbital speeds than
"‘those farther away (Kepler 8 3rd Law says that the orbital period varies as
the 3/2 power of ‘the mean radius of the orbit) The figure below shows hov

differential rotation arises from the. fact that w > m . .‘.. C P

. ‘c
. _ : : o

N
R

r
NE




T,'have angular momentum

~

" the anguler momentum of the solar aystem, approximately 2 x 1

) Matter close to the Galactnc cent
© w> w. This phcnomenon u callcd dlj]'cnnllal romllon -

) A . - By

er hn hl.hcr orbnal speed than at lhe periphery. - . . e

t

Figure 1

In our region of the Galaxy ‘the differential angular velocity.

3

& 3 x 10“‘ ec—!; therefore'a .cloud of the aize under couaideratiop iould;

: Mmz W = 2 x. 1059 [ cm ‘sec=!, Compare this vith

oso gn cnz aec":

The two, values differ by a ractor 10’ when allovance ia made for the fact that

_’the cloud contains 100 aolar maaaee while the Sun containe only one. In ahort
-ithe 100 Mg cloud must loae all but’ 10'? of its initial angular momcntum Af it f
..ia to give birth to 100 well behaved atara. Put another way. conaervation of-
'angular ‘momentum requiree that Rzm remain conatant a8 the. cloud contracta. Ai'
_“factor Rm of this qnantity ia the equatoral surrace velocity of the rotating

'cloud’ 8o Rv, must be constant. Initially Vg x 3 x 10“ cm/sec vhen R= 102° a

By the time R haa decreased by & .actor of 10‘,‘ to 10“ cm, v, has ar*aen to .

-

the speed of light! And 10‘“ cm ia still quite large about 1000 timea the

'-radius of a star like the Sun.

100



’1¢Clearly the contracting cloud must reduce - its angular momentum somehow if
At is to succeed in forming stars.- At present we don't know how it accom-

':plishea this. Although there have been many speculative suggestions over ‘
A <

fthe yeara. none has been supported by rully cbnvincing arguments. One of .
_the more plausible suggestions is. that the cloud forms binary stars prefer- o
entially, and these are able to contain much more angular momentum than

aingle stars. Otservations con}irm that a maJority of stars (= 60%) do. indeed

belong to binary or multiple star systems, 80 formation of binaries does seem:

’

" to be the morm. f = .‘A L R

N

In order to- discuss the relative angular-momenta of different configur— .i”
- atione, it is convenient to deal with angular momentum per unit MAss’ vhich

vill be designated-_L. The primordial cloud we have been discussing has-
_,;E 5-102"cm2 sec ! while the solar rstem has L = 10‘7 cm2 sec '. A binary/ o

system consisting to two solar mass stars in circular orbits "at a distance

- 2

A‘r fron each other has L = z w2 nr2/2P vhe)% P is the orbital period of the'

: binary pair. Kepler 8 3rd Law provides another relation, ) = Kr’ between5

P and ¥,and this leads to L & p/3Gr L « r¥/% gor a binary. Putting in the_-
. _constant K and the o+her numerical factors and inserting a s_atistically
T veighted'average neriod for observed binaries, we £ind that T & 2 x 10" cmz sec

rfor typical binary stars, a value about 200 times greater-than hat for an.

average single star.. From this kind of reasoning we ‘see that binary'formation '
.vis a- much more efficient mechanism for storing angular momentum than single
',& ] 'star formation Even so, the primordial cloud under consideration has’ enough

L to supply o 105 binariea, far more than ve believe actually form from such .

.

.8 cloud on the basis of observational evidence. If only a small fraction

of the cloud mass actually condenses into stars. wewcan account for observed |

rates of nev star formation, and'the cloud retains most of its initial angular

L o
ROTEA 3
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o even 80 small 8 field ecting as it does over . vast distencee, can.have &

'momentum. Detalls of the fragmentation process and what happens to-helt’
contiaction of the vhole cloud once star formation begins remain obscureas

There is a third ingredient to be. teken into account in the esrly stegee
%

' f'of star formstion the intersteller or galactic megnetic field \AThis field
_,is very'smsll (of the order of & few times lO" gauss) in the spiral arma of -
the Gelexy vhere stars are formed. Compare this galectic field with the

'Earth' magnetic field of = 0, 6 gauss to sppreciste its small size. Hovever,

Lvery strong influence upon certsin stages of ‘star condensstion. As long as

6.*"

the }nterstellsr gas’ is coo1 enough to remsin neutral the fig&d does not

interact directly with it. Once the gss becomes ionized hovever. the fielde

a

-and the charged particles interact strongly, and the motions of the ionized )

§ gss are grestly influenced by the presence of the field. Likevise the field

——

alines are influenced by cherged psrticle notions snd the: ;hole\complex—ofllg_h/l:

| field plus ionized gas becomes an interdependent entity9 a msgnetohydrodynenic s
'.plesms. The properties of such plasmss cannot be discussed in any deteil Eal
here but .ve can illustrste in a sinple vuy one serioue problem thet comee

from the uresence of the msgnetic field.

Consider a protostar of aboux 10!7 cm redius with sufficient density to

-be\eble to contract to form a real star of redius about 10“ cm, a reelistic_

value (the Sun 8 rsdius 18.=2 T x 10lo ). If the protoster of 10'7 cm rsdius

" has an sppreciable emount of ionized hydrogen, as’ calcula.wons indicate it uill,
these ione are bound to the msgnetic field lines. Sufficient ions will be
forned in the cloud by ~osnic rays snd by ultreviolet rndietion fron neerby

'hot ‘blue'stsrs. Through\the mechanism of collisions betveen ions and neutrel

..H «
N

stoms the latter are indirectly connected vith the field. Unless the frec—
\

f: tion of gas thst is ionized is- extremely smsll this indirect connection -



betveen grevity and the magnetic rield through the 1ntermed1ary of neutral

LY

. perticlee colliding with ions is strong enough to erfectively tie gravite-

tional contrection to the magnetic field. As the ges contrecte it thereforo _

Lo

eonpresses the field 1n the plone perpendicular to the rield, as illustreted

1n]the'sketch‘belov: o , ) ;.

1y
1

.ﬁﬁ : ST
T . Weak Magnetic .
~ Field _ S
‘ Strong Magnetic
-Field
$
i
-(b)fContracted cloud
~ e ¢ ; B
N . . } . ‘\\‘ .
(a) Initial gas cloud o ;\a -
'Figurefa,,,COIpreseion of mngnetic field linee in e contrecting pertielly
. 1onized gas cloud. o WMT\. . N &
. i
Coneervetion of mngnetic flux in auch a contrection leads to the con-‘_f._
AN <

clusion thet the product BRz 15 conserved where R is the‘redius of the cloud.

v

" Thus B = R‘z,end in going from R = 10}

cm to"R-= 0“ cm, B 1ncreaees rrom e

\. ‘

1nit1e1 vulues of a few times 10‘§'gauss to well over 108 gauss. ~Such,high ;'.

. *‘A
- fields have.never been found in no stera. The strongest fieldn‘obeerved
heve been: found in. certein peculiar A-type atare vith values of B un to =30 000__

guuee. Most sters like the Sun have 1e1ds ranging from a fev gauss to & fev v

hundred gauss. Cleerly the star finds some .vay to. rid 1tse1f oﬂjmost of the :

.‘rlux lines thet pasu through its perent gas cloud but the meens by vhich it

- ecconplishee this are still ‘not understood. . :
N v

We heve gone to some leugths to illuetrete serioue difficulties thet

_hemper our preeent knowledgo of the earlieet stegel of star rormetion. The

CE LN



fact that theee:difficulties.can‘he presented in terms of elementary ph&aical-;'
: Principlea~makes it.appropriate to discuea them in an introduction.to stellar
evolution auch as thia;_:ﬁut whate§er'meana atara employ“to overcome the
: barriere to their formation they somehow mnnage to do. 80, end once they
‘reach a certain stage.of condensation, (radiua = 103 cm, density p = 10” Son
temperature ot lO’°Y) we can folloy the- evolutionary history of the star
ith much greater confidence except during a few short lived stages late in
- 1ife. ‘

3

Let us first’coneider paths on the H-R dfagram of stars from the state

described above until they reach the Main Sequence. Aa long an'thefprotoitur

obtnina ita radiant energy from gravitationel contraction (bcfore nuclear

energy sources begin to supply its energy vhen it reaches the Main Sequence) :N
there ia a very ueeful general physical. theorem, the Virial Theorem, that is~
very helpful in underatanding the star's development. Thie theorem comes
frem considerationa of the overall effect of converting gravitational potential
-energy; -V, into kinetic or thermal energy, K.E. The theorem says that in auch
_convergionab: : | |
N .'A'K.E. ;.ljnvl | | .

\ : -

\ ri
' .That ia, half the potential energy releaaed by contraction goes into kinetic 2

-

. *nergy of thermnl motion (i.e. in o raising the temperature ‘of the gas) the N

\ -
other half leaves the star as radietlon. This aimple relation pernita ue-'-

to follov the average temperature and lumiuoelty of the contracting suer ag. .

long as it obeya the conditions for validity ot the Virial Theorem. These

conditions apply as long as the star. is oontracting slowly~enough to mmintain' .
o approximate hydroqtatic equilibrium in vhich gaa presaure balancea the toree

N

of gravity. i

< .
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‘There are phases‘of contraction during vhich the Virial Theoremidoes

u

not hold. -The first of thege 1a encountered when the ‘mean temperature of

the gas reaches approximate y °OOO°K and the molecular hydrogen present R
dissocietee into neutral atomic hydrogen. This is &n endothermic reaction

'that absorbs thermal energy,'con"°rting 1t into potentiel energy of diaaociuw

v o

"tion. That is, H, + 2Ht#ﬁenergy.w When diseociation occurs at a rapid rate;-;.{
. R _

the star undergoes rapid contrection to supply the required dissociation.

energy. Its temperature rz_muinfs nearly‘ consta.nt but its radius decreaaea
. 8 : :
and its luminosity mist urop,(too qince\L nJhnRon“ This pheae thererore,

appears -on the "H-R diagran as a nearly vertical drop in L at nearly constent

. T, the. sef%ent A to,z 1n Figure 3.0 ' \

e \ PN v o A
. »\ NN \ . \_\ L \
' A} . 4 R . .
) Corx Bewmnce shock ‘gt H onization 2one
. S . N : \
K - \ A

N
: \u
. . o ‘\
log \
Lo ) \
- &:iz\ \ \‘\-
\
-2
"y
-4 -~
. . . " ) . . . . . -,\ . : . B -..\ .‘
Figure 3. HeR D..agram showinz r.a:.y gravitational .contraction stages 'of'\ Y

star .‘ormation.

Y
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’ This diasqciation phase of the collapse begins at-R = lO"_s cm and is ‘com-

’piete vhen ¢ e radius has decreaaed to about 1000 solar radii (= 7% 10'? em).

Figure 3 does- not attempt to trace the collapee between the initial cloud

,'P‘\

(R = 10" em, T =\1oo°x) down to Point A. .This is & dynamde “fena~fall pro-

LA and the cloud da transparent to the long vavelength infrerad radiation ‘
- ‘: )
(mainly et 28 microns) by vhich 1t radiates its excess energy _ Thie phan& RN

Ve vy e

' ﬂ;ie characterized as free—fall because the cloud ia 80 tenuous that there ie t-g
K ineufficient preaeure to alt ar even slov appreciably the gravitational pull
~.on 1ndividual gas moleculea\R snd atoma. Theae fall initially inward tovard

the center of the cloud almokt as if thers were no other particlea present to .;

(28

-impede their falv- Theé. time ;eguired for a particle to fall to the center

»

o under auch idealized conditions\is calculable by elementa:y methoda. It ie

¢

[
» " M
ﬁ’;v'
[y vy -
-

,'[ The free-fall time for the initial gaé\cloud turns out to be x 7 x 10‘ Jears,

A

essuming ite maes is initially 100 M before it.. fragmenta into adlar mass °

\\_ - B o
\ o

aize etara eometime during this phaae.'
Arter dissociation is complete at C, fn: gaa temperature can riae again

. as gravity contracte the star farther. The rise in temperature il aided oon--b |

b}

a

aiderably by the fact that it ia now opaque, \n\fact “calculationa ehov that #

it Juet becomee opaque fgr radiatlon originally et the. center at A Juet prior

[

to disaociation This helpa the star trap its: radiation inside temporarily

. 3

"and -speeds up the dissociation procees ‘ The interior temperature continuea tl.;
f'to riae rapidly to x 9000°K where ienization of atomlc nydrogen takee place.
) *This too is an endothermic reaction end while it operetea. the star i} rar
from being in’ equilibrium Ii uontinues tc shrink rapidly along the dkehed

_line (daahed because of uncertainty about detaile in thie pheee) from c to D..’:

— . “ “r

P . e . : . i\ .'." : » hd '.’ ' “'
ey N e TN - ot . ¢



R

‘ usual timc scale for stellar processes.

5 . . . e o L. o . -
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The radius decreases again by about a factor 20 but this time the surface ..
temperature of the star (the abscissa of the Figure) does not remain con- o
stant as it did before. In going from A to B the star vas not yet fully
opaque. At first all radiation excapt that originating at tha center could
eacapa vithout being absorbed at least once (Point A) later betveen A and B,
es the. density increased radiation originating farther and farther from the -
center was Just able to escape without absorption. Only at the end, at c
had the opacity risen to the point that all radiation except that from s

thin layer at the surface was absorbed before escaping. Actually, at c and

. beyond most radiation in the interior is absorbed and reemittﬂd many times ;

by atoms in the stellar interior before it finally reaches the surface. This

w

parent.. The net result is that the interior heats up very rapidly at B to the .g:

9000°K or so required to ionize hvdrogsn but the surface temperature plottad
.on the H-R diagram lags in time,vrising until it finally reaches -9000°K at
Point D. The wvhole process of dissociation ionization, and final buildup of

surface temperature the trip from c to D, only takes about 20 years for a .

isolar mass star, and this must be reckoned as virtually instantaneous on the

\

The little U shaped excursion at the end of the dashed ‘path Just before
Point D is the result of a minor. implosion of sorts. The star collapses so
rapidly that .an. inward radial shock wave: forms, and when it reaches the now -
rather dense core near the center of. the star, it is reflected back out, a
ptocess vividly described as A "core-bounce". The shock wave travelling back

out reaches ‘the surface vhere its Hipher temperature becomes evident for 8

short time as a transient tcmpnrm ure and luminosity spike ‘a8 shown adJacent

4 . B )
< o

o -
NI

 takes some time, and the surface radiation no longer reflects the instantaneoua o

' state of the interior as’ it did earlier when the star was still somevhat trana-:.

8




B ‘and F at nearly constant T the interior tempera ure continues to rise _'

‘to 0. This transient flare up lasts about three months'in & solar mass -
) . R . - L - . ) ] .

_ star. : : q"p;_ . I . o o

: rapid heating, the shock waves;, and the generally non-equilibrium neture of

‘its preceding collapse stages.. Under these conditions it transports energy

efficient form of heat transport, end it serves to stabilize the surface.

' hydrostatic equilibrium, a condition anenable to study by standard methods of

Y4, e - -

. ~ . .
3 L .
. . ‘s - B .

At Point k) the interior of the star is turbulent as a result of the

from the interior to the surface mainly by convection. This ia a relatively

temperature of the ster es it continues to contract tovard its eventual siZe

-

that it will reach on ‘the Mein Bequence. During its contraction elong D to

.

rapidly, especially in the central regions. The convective turbulent condi-'

tions in the interior insure effective mixing of the materiel of the star so

when‘the central tempereture eventually reaches about 2 x 10‘ °K at E, any "“;

:

deuterium, lithium, Beryllimn, boron cls, Nl?,'etc., are capeble of under- ‘

B

going nuclear reactions that destroy them. Because of the convective mixing

bf.gas into the hot core in this phaae, virtually all of these esoteric light

_nuclei 4in the star are “burned“ before the star reaches the Main Sequence and

o -

- e

dbservations confirm abnornallyuconcentrations of these nuclei in normal stars. :

As the star contracts from D to E along the hearly vertical track (the
4 »

":"Hayaahl track" as it is called’ after 1ts discoverer) it remains in quasi-

\.calculation of stellar interiors. The star has finally reached.a well-behaved |

condition that permits . “some insignt into its internal structure and a

'number of researchers have calculated deteiled series of evolutionary models

o B LAY

v - . b

» <

‘,of stars’ in this nre-Main Sequence phase These calculations show, for example,»'

.that at Point D the star begins to depart from a condition of eomplete turbulance .

. - E " Lo
- . i S ) o : .e ' LI
. . . LN ° . . . .



end a "redistive core’' develops, so-cslled because energy transport vithin

“it is by mesns of radiative transfer. Thst is, energy moves: outvsrd in the :

form of rsdistion that - is successively absorbed and r;emitted by the gss e %'“

c N\ ‘. to
perticles g:le)' slmost entirely ions snd electrons st thentemperstures of . the

- K]

,core. As time goes on the radistive core grows at the expense of the con- _

1
’

'vective region, and the boundary betveen the two grsduslly receeds toward .
the surface.' Radiative transfer is a quieter but less efficient mesns of |

'energy transport thsn convection, and 1t drsstically changes the internal

chsrscter of the stsr.‘

Figure b, gives the results of a number of pre-MS evolutionsry tracks ';‘

cslculsted by Iben snd stle I following 4t -11a8ts the times in yesrs required

~‘

'to reach the corresponding points on Figure b beginning at Point D in Figure -f:;

Y

.3, ‘the stu% of the Hsys.shi trs.ck- . ' =
/ - . '

Y]
-
&
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tracks are the pointp_-refsrredtoin'Table_I L R
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"~ Table I°

;,The general time sgglep for Hiyashi tracks.(D + E)'of'ufﬁrs of:v;rioﬁa.

masses should be
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noted. Thg'Bun, f@r example, requires about iOG-yeara'to
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reach Point D’ in Figure 3- (Point 2 in Figure h) where development of a 1

radiative core begins and another 8 x lO6 years to reach E. where this develop~'

g f ment is complete and the star turns to the left (points 3 to 5 in Figure h)

almost parallel to the M S. The same sequence in a 3 M star, on the other )

hand takes only o 8 x lOs years a factor 10 less. ' This illustrates clearly-

how rapidly the evolutionary time scale speeds up as one considers more mag- . -

‘ sive stars. By contrast a O.SAM star continues all the way to the M.S. on

its Hayashi track taking = lO° years to do so.. s.star more massive{than‘

e 3 M hardly has any Hayashi track at all and massive stars scarcely appear
to experience any break in the leftvard trend of their tracks beyond the onset.
cf opacity. The rapid pre-MS evolution of heavy stars is notevorthy

example a lS M, runs through the entire gamut 1 through 8 of Figuro bin

only 60 000 years, a factor 10’ lels than a solar mass star.

-

_ The mass-luminosity relation gives a good approximate idea about relative.
time scales in stellar evolution. Both theory and observation reveal that
luminosity L is proportional to .some power of the mass of a star.‘ This can' .
be written | ' ‘ ‘ |

L‘zMn .

vhsre n varies somewhat with a- star 8 composition and position on the H-R

‘ .

diagram, ranging from = 2%5 for very low mass stars to. over 5 for massive :
\ S
stars. The L—M relation can then be;vritten in terms of solan values as

. Lo HQ' . - " . } . - \:‘ »

The luminosity of a star is its rate of energy loss and-the time spent by a
star during a certain phase of its evolution should be inversely proportional
to the rate at which it loses energy (1. ey T o L") This, taken together o

vith the mass-luminosity relation leads to the. expectation that the time



,:gseales~fbr'stars'to runﬁthrough"correspondingfstages'of'evolution should

follow the relation
e S Ml S
. TQ ar (H-) ".!. . . . ) ‘ N

':ﬂ,"ﬁxsminstion*of Table.l reveals.that n‘ranges from ﬁ.l.S to:eléls'dependingf_H
. somevhat upon mass. but more: upon the stage of evolution considered. n =« 2.5.
’ ."is '8 fair average fmr the trip from 1 to the Main Sequence in Figure h
The slightly rising, leftvard movement of a star in Figure h represents
t'a atage before the onset of nuclear energy production in vhich the star still
obtains its energy by gravitational contractiou with a hot, compact, radiative
f core.. When this core becomes hot enough, at point 5, nuclear reactions are
.avignited and begin converting hydrogen into helium plus considerable energy.
:The detailed reactions are fairly ‘complex and are discussed elsevhere inkthe -
,mini-texts on Stellar Structure and Nucleosynthesis. The overall result may
" be’ summarized | ’
h 1! + He' + energy.
The energy comes from the fact that a He nucleus is.slightly less massive .
i than h H! nuclei. The mass: difference appears as enf*gy according to the
Einstein relation € = Amc? where Am is the rass differcnce. This.energy
appears initially mainly in the form of zeuma rays a;*‘constitutes about 0 T%
of the total mass—energy of the reacting nucle .8 the process is less
H‘than 1% efficient in converting mass’ into euergy, hut that low efficiency is

adeguate to. keep the star going for a very longvtime, over 10 billion years '

for a solar type star.

o
'

As soon as nuclear fusion taken over the Job o’ furnishing energy,‘the

star 8 interior roadJusts itself, contracts sligh ly, snd its luminosity
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decreaeea a bit as 1t eettlea down onto the Main Bequence to epend the maJor
' pbaae of its life quietly converting hydrogen into helium in its centrai re-
gione.> The laet pointe lhovn for each model star in Figure b (point 8 in _

‘-3'noet caees) represent arry al on the MB. By cuatom, arrival on the MS ia K

'reckoned aa the true bj£th| of the star and at this point 1t 1s considered a O

:_ Zero Age Main Sequenc etar. The star 18 of. couree observable threughout
'much of its pre—MS geatation period vhere ita 1uminoaity is actuale higher
| -than the MS atar it will become. Obeervationally the T Tauri and Herbig
r:emiaeion claaaea of etarn are believed to conaiet of atag;yin the pre-MB
region, and the Herbignﬂaro obJecta may well be etill earlier pre—MS etare
n - in the pre-diesociation etage of Figure 3. Thus atara become viaible vell :
l:before their conventional birth, but at ZAMS they become much eaeier to ob- _%‘
aerve becauae they apend 80 much time on the MB that there are a great many
'othere at any given time for us to eee.' By contraet, stara move rapidly

through many phaaoa of their pre—MS period and conaequently at any given ced

time there-are few present in these phaaea’to be observed.

[l

CII1. Middle Stagcs- Main Sequence 3 _ T

Stars on the Ms obtain their energy by - two principle eeriea ‘of fusion
reactione. Both have the aame net result, namely fusion of 4 protons into“.\.
_ , . : o , |
one helium nucleus. Bub one,lerieu of reactione; the proton—proton chain |
"involvea oniy light elements: He", He . D" H', and it"operatea effectively \
" at relatively “low' bempcraturea (lov for atEllar interiors) between ab to .
: 25;mi1iion;de¢rgeu. The energy generation rate for this procaua is roughly

- proportional to the rourth power of the temperature near the center or the i'

star. The other nrocess involvea.the normaljieotOpe or carbon, c! ,'in 8

2h
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: complex series of reactions that eventually regenerates the Cu again _so'
‘”;carbon acts as a catalyst in the process. Various~;sotopes of nitrogen f“
‘ end oxygen are also involved snd the process 'is known variously as the carbon_
'chain, the CN chain, or the CNO bi—cycle.; It begins operating at ahout -
:12 million degrees and continues up to = .50 x. 10°°K. This cycle is therefore"
effective over a somevhat higher tempereture renge than the pP-p chain and
.it is characterized by a much stronger temperature dependence, = T2° at the
low end of the range dropping to = T!'* near the upper end"_ - ‘
The large temperature dependence of the carbon cycle has an. important
'consequence. It leads to a turbulent. convective core in stars in which :
) this mode of energy production dominates, i e. in stars a little more massive

than the Sun with central temperatures above e 15 million degrees.' These

" more massive stars that operate mainly on the carbon’ cycle with convective

h - cores and radiative envelopes are designated Upper Main Sequence (UMS) stars.f

The less massive stars vhich operate on ‘the proton-proton chain vith radia-
'gtive cores and convective outer layers are designated Lower Main ‘Sequence
(LMS) stars.' The difference in structure between these two broad types of
MB stars has important consequences in the manner “in which they evolve, as
we shall see. _ '-.'3_@.' A.‘-*' \
Once a star reaches the Zero Age Main Sequence (ZAMS), it begins in
ernest to convert its hydrogen core into helium. Only the central 15- 20’
of the star is hot enough and densc encugh to sustain hydrogen fusion, and o
b & is only in this core that the chemical composition changes while the star
is on the M. S.f If the star is less massive than = 1 1 M s the core is quiet

non-oonvective and’ non-turbulent because of the relatively lov (= ™)

dependence of the. energy generation rate. The temperature rises to a maximum

'. ‘i\j»-:
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at the center of such a core, and 80 does the rate of energy generation."
£ ~

Since there is no convective turbulence thore is no mixing going on in the

-

core and the fusion product helium, stays uhere it is formed. It forme
most rapidly at the .center’ vhere the rate of fusion is highest and in time’
'there develops a small but groving subcore of pure He. Nuclear snergy pro-

duction ceaaes in thia subcore since it ia ‘not hot enough to fuse He iuto\c. v

o,

It remains inert the ashes of hydrogen burning, while hydrogen fueion

Tcontinues in a thick shell outside the He subcore. This He core continueu
.to grov, ‘of course, a8 the hydrogen burning shell makes more helium vhich ia
added to the ever-groving He subcore. This pure He core remains at. conetant
temperature rather like a loaf of bread in en oven of hydrogen burning

o shell. ‘The shell continues to burn outward as a grass fire burns in a thin,

" ever widening circle leaying a growing, charred central area.' In this faaionv
" the He core grows until its masa becomes\about 10% of the total mass of the
- atar, Gravity begins to squeeze the coré, raising its temperature aignifi- }f
4 cantly go it is no longer isothermal Eventually its central temperature

will reach 100 million degrees ‘which’ is high enough to initiate helium

\
fusion by the "triple-alpha" process, 3' He“\* C‘z,' This procees generates

\
nuclear energy, and the star nov has - two nucl ar energy sources, a He burning’

- core and & a hydrogen burning shell. All of thia\is still deep ;ithin the star,
but the effect is felt at the surface of the star vhere the additonal energy
generated by He fusion increases both the luminosity and the size of the
star while at the same time lowering its surface temperature . The star_ at

. this stage in its evolution has therefore left- the main sequence and become ;
a red giant. ‘ i - . L. : - .”."

. Figure 5 shows post-MS evolutionary tracks of a series'of stars‘ranging
from 1 to lS solar masses and Table II shows the time intervals betueen num-

: .bered points on the tracks,' Point (1) is the ZAMS point for~e;ch star. The

. stage (1) * (2) corresponds with exhaustion of H in the core. The stage

P—
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' Post-Ms cvoluuonary tracks on the theoretical H
for stars having masses intherange 1.0 < M < 30.0 and, initially, a
lation I” composition (X == 0.708, Z = 0.02 for all tracks except the

) M— 30track,forthlatm:k X—070 Z==003)

as

L diagram
“Popu-

\. - -Tai;le II. Bvoumomnv Ln'mm (Ym)f ) 4
AN (Initial cam,po:irlan X = 0708, Z-OO2_fbrlOSM5!50 X=070,
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\ | ' M (solar units) -
A Polnt 1.0 1.5 10 SO 90 150 . 300
AN 1 s5016(D  1821(D 2510(6) S5760(5) LSIG) 6160@) 2 @
\ 2 80609 13567() 22738) 6.549(7) 2129(7) 1.023(7) 4826
397059 155209) 2.394(8) 6823(D 2.190(7) - 1LO48(T)  491(6)
L4 10236(10) 2036(9) 2478(8) 7.019(7) 2208(7) 1050(7) 4.92(6)
S 1.0M6(10) 2.105(9) 2488(8) 7.035(T) 2213(T) LI9(T) 493
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(2) » (3) correeponde with development of s hydrogen burning ehell eource '
': outeide ot the ieothermel He core, end at Point (3) the core hee reeched ’

' the liniting mess (ﬂ 105 of the mass of the eter) beyond whieh the core

‘‘‘‘‘ \ ) 3 . ~c - (:
,oenter that. ultimntely ignitee He fusion. ' o SR

. 4/ ./’ - It ie evident from Figure 5 that there ie e qualitative difference
—E * between the skapes of the trecke (1) (2) (3) in a low mass eter (, 1. 1 H )
-and tracks of nore nneeive etere. The low neee stere heve non-convective -_' “;
coree end develop thurning ehelle greduelly and without rues. Thie produeee

.8 enooth treek vithout breeke or kinke as the limitins ieothermal core leee
1- reeehed at (3). It tekel al M, etar ebout 9 billion yeara to treveree

the treck from (1) tS (3), es Table II showe. - '-'; i L faie

It is easy to eetinete the time e nornel eter ependa on the Mnin Bequence.,
Let itftotal mass be M gm and ite luninoaity ‘be L erga/eec. ‘The efticiency ;
ofnhydrogen burning ie .007 menning that 1 gran of hydrogen converted into e
" He givee .007 e? erge of energy. If the eter etaye on .the . Mein Bequence S »
“until 10% of its mass has bsen eonverted into He the total’ energy releeeed .
is 7 x 10-“ Mc? = 6.3 x 10'7 M ergs.. If the etar radietee energy et the rete -

i. L erge/eec for a time T on the. M S., then

Tyg .= 6. 3x 10'7(L)eeconde

Applied to the Sun (L = h x 10” erge/eec M a2x 1033 gm) one gets T =
: 3 x 10’7 sec = 10’° years vhich 3 Juet elightly more then the 9 billion years

caleuleted for. the Sun to evolve fron pointe (1) to’ (3) in Figure S For

- ' other eters the equetion above can be put into the form of a retio to eoler
. s s ¢ . ) T ... . N .
valuee.. SUR _—_— o :
S anl0 M L _ . »
Tms lq (___) (_!) xe_ere.
..‘k]:L :
N 28
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- Ie ie possible to g0 one step further by using an o fnxlﬂate mass-
uminosity relation, L « M” vhich is a ressonably good anproximation over

a: large part of the Main Sequence. With thie relation the lifetime of a g‘~"

- . A

star on the M.o. becomes

N > H . . P

P S \ i i °
o - \ . .. . X . PN . B
\ . ' . . - . ..

\ We should expect\a 9 M. star to have Thg = 1obx 107~vearswvhich is not far srom.
-.' Q T ° .
-f value of—2 1 X . 107 years for 8 star of this mass from Table II- Itfappears,

.therefore, that this very simple theory gives a good account of the time

spent by a star .on the Main Sequence.d : -” e o .' :'.h '-g._"_' ‘f}

Heavier stars than about 1. 5 Me have turbulent, convective ‘cores initialxy

v

“_since they operate more ‘or less on the CNO cycle with a: very sensitive temper-’

+ ’

Tz° The core turbulence kaeps ‘the core well mixed and

ature dependence =
prevents the amooth grovth of an inert He subcore beginning at the center.

Insﬂead aa H-burning goes on, the entire core (15-20% of.’ the stellar radius)
. uniformly changes composition becoming mbre and’ more rich in He as the R con-
tent declines. This procesa must eventually result in a core too poor in H

to burn any more; the ashes hawe diluted the "fuel $1ll the fire goes out, or_ “

pearly so. At Point (2) in Figure 5 such a situation has occurred. As’ the

' nucleeu energy source begins to fail, gravity steps in to- take over energy

,production by contracting the core.g This raises the temperature of the core
and manifests iteelf by an increaae in both luminosity andfsurface temperature
of the star, causing it to move from (2) to (3): as”hown 4n Figure 5. During

| this stage of " evolution a massive star contracts slightly causing the track

(2) (3) to lie in the direction shown (tovard higher T L). The sharp kink

at (2) reflects the relative suddenness with which the entire core runs out” -

>

\
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of hydrogen._ The low mass stars have no such sudden fuel exhaustion and
their cores ‘remain . isothermal betveen (2) and (3) vhile the H—burning shells

\ 5

r'f; b '»icontinue to supply nuclear energy.. As a consequence the radiua’ grovs

smoothly in a less massive star, its luminosity incresses, snd its surtace

s /w

\-' . 1' _temperature stays nearly constant as the Figure shows for the case of a8

f\& ;is 'f;,stsr liﬁ/’the Sun. . ; ' s S :.» n 'T‘ 'rl*ﬂf ;

'iv\‘ .fp~-lq'l In\the UMS sters the core contrsction'phase (2).+'k3):1s relstively. ' .
:.\\_f-' rapid, requiring on the average only 2-5% of the time from (1) + (2)rf'iﬂil‘-m;r

\ 2 ! e
S these heavy stars, the core becomes hot enough at about (3) to ignite H- .

. f_ﬂ-*khniiburning in the su*rounding shell. The exhausted core may or may not become ‘
‘. ) '\\‘. g )

5“1\, - isothermal tor a time after. the H-burning shell has been iEn ited. It ell

f’gs:;depends upon vhether(or not the He core is more massive than lOS of. the _:‘

N k
star s mass. For stars more massive that = 6 M an isothermal core never

develops, and the grsvitationsl contribution to energy production continues ﬁ.}:

';to be etfective reising the core central tempersture to the triple alpha

-

ignition point straightavay vithout a pause for the core to’ gain more He
:"EF", mass from the H-burning shell .
. There is one more feature o;JLMS sters to be mentioned for stars of"L'
< 1.3 M, the isothermal core [is dense enough and cool enough to become degen-;”ﬁ
"lerate even though its temperature nay be 15 million degreesl As described
v.-esrlier, degeneracy is a dense slmost incompressible metal-like state of

high thermhl conductivity Incompressibility arises from the Pauli Exclusion

;_ ' Principle applied to the densely packed electrons, preventing them from i',' ;ff

'-;crowding closer together. A degenerste core is not bound by the lO% mass "V.fi
.limit - discuseed nbove, it can support the entire mASS of a 1 3 M star while
atill remaining dugenerste and isothermsl beeause ot its high thermal con-o Q:

ductivity. Nov the degenerate core. of su¢h a stsr is not sbsolutely incompressit

‘ gd

<
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ly relatively 80, a8 ie a metal compsred with a gas.. éuch a8 core can
' contract gravitationally and become hotter as a consequence vhen more . matter
(He) 18 added to it from an H-burning shell. It rémsins isothermal but
’_gzovs hotter as the shell burning continues until eventually the 3«

L

ignition point is reached. u
Once He-burning begins‘ the _core temperature rises very rapidly._ ‘'he -

o .hmat generated by these reactions does not have time to escape Bo the temper-
: ature also rises very quickly, causing the eC process to g0 evan faster.
',-The rate of core heeting consequently accelerates-until the,pressure due -to

o ,thermal motions of the nuclei exceeds that due to the degenerate electrons,"f-e

. : 'and the degeneracy'is suddenly lifted. Hhen this happens the core goes ’
_normal" again and becomes a conventional hot gas once more. It is as if the
"metallic" core vere suddenly vaporized. This thermal runavsy with removal
‘of degeneracy is termed a "helium flash" snd it results in a sudden reorgnni-

»sation of the star's interior structure that produces a correspcnding rapid

incresse in luminosity and radius of~the star.' Such a sudden extensive read-

\
|

'Justment of the structure of a star ought to be observeble but tuo factors
act to make such observations difficult. Most of ‘the heat of the expanding
core at the helium flssh ‘is absorbed in heating the outer layers of the star
. beyond the core where most- of the ‘star! '8 ‘mass resides. Thus the-helium flesh~:
.is heavily blanketed by the overlying portions of the star,and the r*se in .‘
o . ,:surface luminosity is not very large, certain_y far less thsn the transfbrma-

" tion of the core might suggest The second point that affects observability

e ,is that the flash 18’ short™- lived and at any one short period of time, say

‘ the past century during which photometric observations have been made the

ﬂchances of“seeing such an event are rare. Hhile the helium flash peak itself

o
.
t

}
i

-
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may not ever have been observed, the slower phases leading up_ to and Jeyond

the flash appear fairly clenrly in th2 H-R diagrams of star clusters. There

18 one more seiective effect' only stars in 8 narrow mass range between

o

. _vs l - 1.3 M ‘gppear capable of andergoing a helium flash. Stars more maeeive _

than x l 3 M don't develop debenerate coref' those less maesive than = 1 M.

-;'cannot develop high eneugh central temperatures to ignite the’ 3 « process and

.;..‘ ¢

) therefore ‘have no ccntral nuclear energy gource to produce a helium flash. e

Returning to consideration of evolutionary tracks in Figure 5, the path

betveen Points 3 and 6 represents a phase_ in whi*h the core has ceased to burn

H,. having run out of fuel and the energy of the star is supplied mainly by a

hydrogen burning shell. This shell eats its way outward in mass but- doesn't

. actually move outwardmradially.’ It is a kind of incinerator into which gravity

5‘. keeps pushing more fuel from outer regions of the star. In-fact, ias time éoesf‘

on, the H-burning shell actually contracts in radius making the inert core

plus shell more and more compact vhile the envelope arows radially. The star

with an enlarged envelope has a much larger surrace area and therefore doesn't

require as high a surface temperature to radiate avey its energy, 8o the H-R '

o

- track moves to the right to lover temperature as- the star grows in size.

Stars less massive then 9 M, develop deep convective envelopes at Point 5

and behave very much as pre-main sequence stars do.as they contract along the l

~

"Hayashi track", A phase~also characterfzed by.extended convection. The-red

-

- giant star that is deeply convective evolves along a Hayashi track but in

reversevfrom Point S to Point 6 At Po‘nt 6 helium burning begins if the star

' is massive enough (> 1M, ) and a helium flash may follow which would.add a

_small nearly vertlcal spike at Point 6.
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Stars less massive than = .S My cannot become hot enough to ignite the .

[y

: triple alpha He-burning’ process, and their cores remain degenerate until ‘

eventuelly ‘the hydrogen burning shell runs out of fuel and extinguishes. i.ii
Therearter the star has only limited reserves of gravitational ensrgy, and: o
“vhen these are soon exhausted the star '8imply cools slowly as a He white 41_‘ f
dwarf. In the process the star contracta to a very small radius of the orier.
of a few Earth radii. We have seen the trend tovard compaction of the cor;
in red giants in the manner 15 which a hydrogen burning shell is red from the
outside by material pulled inward by gravity, while at the same time the

shell actually contracts in radius. This characteristic trend in the giant B
phase toward concentration or most of the mass of the star into a dense, com-.'
pact core surrounded by a distended tenuous atmosphere reaches . extremes in
'vwhite dwvarfs. In these stars the cores are all that remain except for Just

a trace of atmosphe;e bound - closely to the surface by the strong surface |

_ gravity of so much mass in such a compact ball of matter. Virtually the vhole
star is degenerate therefore more or less isothermal end rigid - a massive,
very hot, very small cinder of a star left to radiate away its thermal energy :
,until it grovs cold. : . g &

[

The cooling time for a white dvarf (H D ) may be calculated simply._ A |

particle (nuoleus, ion electron atom) in a star at temperature T has thermal
energy g kT \k is Boltzmann' 8 constant), and a star or mass Mgms consisting or'
pure He, fully ionized has total thermal energy aTM vhere a is a constant that;

'E
*includes k and’ the mean mass per particle of stellar material (He + 2e~ ),

The. luminosity L is furnished by radiative“loss of the thermal energy 80 .

e

L=9% (e.'I'M) = M 4T
at ) at

<
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Tho thoory of the structure of white dwarfs shows that L= KTd- 3 where K

is another conetant Eliminating L betvcen theee two equatione givee

M

R i S

« . dat aM

R

" This hca a limple solution T a AMT 2 - BMT/L and A, B are. constants.

[~

Thc timn, T, calculated in thie way ie a cooling time roughly the time it.
. takea tho star to lose a eignificant fraction of its initial thermal energy.
The table below givee cooling timee for He vhite dwarfs. -

Table III. Coqling Times of He White Dwarfs

&t" ﬁ« e . 'M(“g | \ L/l ‘ T (yeare)
| 5 .10 9x10°
‘ -5 10 2.4'x 10!t
25 | ST 5.5 x 10* | )
Rt S TN
.25 ". ""D', ‘100 7 1.5 x 10" a

-

All of thoee except the tvo “with L/L = lO"2 have cooling times that exceed
the age of the Univeree 80 we can expect the W.D, phaee of a star 8 lifetimc .

to be comparable with its M S phaee or much longer.

Observed T and L valuee of. Hhite dwarfe plece them well bclow the M. S.

and somewhat to the left ‘at high temperaturee. As they cool they move elong .;.

H~R tracks of nearly conetant radius due to the relative incvmpreeeibility
' of degenerate'matter. Such tracks roughly parallel the mdin eequenco and 1ie,'f

below it vy factors lO' - 10-* in luminosity. -
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Returning again to the He-core burning stage of. the giants massive .

L)
o

h‘ enough to have ignited the triple alpha phase, once this new’ energy source
comes into operation the star. settles dovn again into a fairly " normal struc-“ .
ture rather like an UMS star. In fact the evolutionary track from Points |
6 - 8 is very much like e replay of the initial approach of the’ pre-MS gtar

- to the MS along a Hayashi track rolloved by its long stable residencg on the .
_Main Sequence. The inner structure of the star at this phase is of course
more complex than a MS star, for it has not only a turbulent convective'

‘ He-burning core hut also a H-burning shell surrounding the core. When He
beging to- fuse in ‘the core, the latter expands and core expansion is accom-
panied by a contraction of the distended red giant envelope,- The resultant
slow rise in surface temperature’ moves the star leftvard in Figure 5 to
Point 8, a process requiring a few million years for stars in the 5 - 15 Mg
nass range. At Point 8 He exhaustion occurs_in the core. This happens all;
at once throughoutlthe convective core much as H exhaustionJin the UMS stars
occurse As the star evolved'to the-right in Figure 5 in the latter‘case-,soi

; it does in the present stage when He ‘exhaustion takes place in the core.‘ fhe_

path on’the H-R diagram is from Point 8 to Point 9 in Figure ). - An inert j

- carbon core with appreciable amounts ‘of oxygen is left ‘after He-burning. This
inert core will generally be surrounded by a He-ourning shell and farther

T out, ‘a H-burning shell; If the star is massive enough it may attain central
temperatures high enough to ignite carbon fusion to yield a variety of heavier
products. It the core is degenerate ‘when this happens a "carbon. flash" vill f
occur. similar in some respects to the He flash. ’

4?' . As stars between about 5 and 10 solar masses swing back and ‘forth on

- the H-R diagram, in their various giant phases, they cross a region of instabili

. N [
K Y S .
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_ . B marked by dashed'lines in Figure'S and'designatéd'as a'region of classical
| '.m cepheids. These are radially pulsating stars whose luminosities vary period- ,
ically with periods that are related to the mean luminosity (the higher the
luminosity, the longor the period) These stars have played an important

~ role in obser#ational astronomv as distance indicators.ﬁ They are’ bright and v

{ ¢ '
readily recognizable. ‘Since their measured periods of brightness yariation-
serie;to;determine their luminosities,.measurement of their apparent magni—

! .tudes,;or brightness as seen_from the Earth, serVes,to determine their
distances. ‘A | | | l)

The scenario ‘of* further evolution of massive stars can be inferred from ;
lvhat has been said above. It a star with a, carbon core is not massive enough '
_to ignite carbon burning, it may eventuelly become.a pure carbon whiteldwarf
consisting almost entirely of carbon nuclei and degenerate electronsﬂmuch like
the helium W.D. discussed above, or it may have a more spectafular fate in
store as discussed belov. p | | ”,-’ S }/ ..

Ir C-burning ‘is ignited the star then makes another left-right looping '

- excursion on the H—R diagram similar to those following ear. ier core igni-
N tions. Less energy is released from these carbon and subquuent burnings 80 |
‘ they take less time, evolution speeds up rapidly, and eacﬂ new burning phase-
leads subsequentlv to.a new shell burning phase. The. structure of the star
' becomes .more, complex as layer develops upon layer. But there are two possibﬁe
. ends to this'sequence. | | t

As.euolution proceeds-the“central‘temperature continues to rise ~and‘.‘

vhen it reaches approximately a billion degrees, the star begins to lose energ&

“in significant amounts by the emission of neutrinos. Neutrinos are produced

‘in all the earlier nuclear.fusion~processes,_of course, and;carry away some
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A very rapidly with temperature. The significance of neutrino production is .

ennrgy, but energy loes'by‘neutrino emission amounts to a. few percent which )

' 15 not enough to upset the star's structure or to affect ite energy balsnce s

. appreciably. However, above a billion degrees several new processes becoma

| IR
possible that are copious producers of neutrinos, end these processes inc%rase,

’

‘that neutrinos,once. produced, hardlylinteract"with natter at all. In fact

‘a neutrino may traverse = 3000 light years of lead before interacting with a .

lead nucleus! “Consequently they are able to leaye the astar without'being'E o
stopped and are thus able to transport energy dtrectly out of the central

regions of the star at the speed of light with no hindrance A normal mainl'

sequence star suffers an energy leak of somc.2 - 6% by neutrino emission;

.but a massive star in the late stages of its evolution produces neutrinos

.- .,-r'

"at much higher rates than a main sequence star ag & result’ of processes other

than normal_nuclear3reactions that take place at very elevated temperatures
and densities. The enhanced neutrino emission‘canlquickly-remove,large am ta

of energy from the’ atar triggering a collapsc Thil neutrino loss has been

Ireferred to as 2 sudden "refrigeration of the core" that drops the pressure |

in the core which-sustains all the overlying stellar macerial. With its

.foundations suddenly removed the outer matter collapses invard in & stellar

'implosion The refrigerated core rapidly shrinks to &’ degenerate ball upon '

which the infalling stellar matter impinges bvouncing back in a cataclysmic

shock wave probably enhanced by nuclesar burning of infalling fuel (H He etc )

"~ 1

' suddenly thruat into the billion degree interior of the. star The resulting

explosion gives rise to s supernova vhose peak luminosity (= 10%° Ly ) may vellkf

-exceed that of its entire parent galaxy The explosion divests the core of

most ‘of the outer region of the star usually aeveral solar masses of material’,

-




end‘produces en active, irregulerlyiexpsndinglnehule typifiea bf the Creh

g liebule.b o o U ‘ | ._ |
The extremely compsct degenerete core thet remains is a neutron ster,

: probebly rotating rapidly and observsble as a pulssr. Thia neutroh ster
B represents a different order of degenereoy than appesrs in the vhite dvnrf.

.In the lstter the electrons were 80 tightly packed that qusntum effects ssso—ir}
.cieted with the Pauli exclusion principle begsn to restrict the way in vhich :1
- they could be packed In the neutron star tew electrons remnin, nesrly ‘all

\
having combined with protons to form neutrons. But now the letter are so

.ufdensely packed that their packing becomes restricted by the same Psuli prin-'
ciple spp]ied to the neutrons rather than the electrons. The net result is _
similsr; however. The degenerste neutron\mstter behsves much as the degenerste
electrons in a white dwsrf in thst it is vi'tusllv incompressible and hss high

fthermal conductivity. It slso has some other interesting quentum properties
such as superfluidity and superconductivity sccording to. some theorists._-'
| Degenerste electrons are incapeble of supporting grester grswitstionsl
pressure than thet produced b; about 1. L M so ‘a degenerste core more msseive
than this csnnot be a stable vhite dwar? . and is destined to collapse to the
‘ ‘next stege of degenerscy st the neutron stsr stage.: ‘A star whose initisl mass
;'lies betveen 1. h and epproximately 2 solar masses is believed to fonn s

WD eventuelly by shedding ell its mess in excess of 1. h M,. It does this '

- lste in its red gignt stsges mainly via rsdistion pressure blowing avay its.

~a

-distended outer atmosphere in a kind of enhenced ”soler (stellar) wind".
Red gients are. believed cspeble of losing ss much as lO" Me per yesr in this
way, and the gisnt phase lssts long enough for the stsr to shed more than

- 1 Mg to redice itself below the 1.4 M, limit for vhite.duarfs. This euggests
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' that the ueual fate of stars initially less maseive than = 2 M° is to becomc

" .white dwarfs, and observational counte ot WD's. tend to confirm thin vicw.

The process of mass shedding mentioned above results in eJection of

stellar matter with an outvard radial velocity of several tene of kilometers

“per second, and the eJected matter forms a epherical nebuloeity around the
"'central-etar. It is very ‘tenuous material and is optically excited by ultra-
' violet from the hot central star. As a reeult the ejected matter appears to '

. a distant observer not as a spherical ball of glowing gas but rather as a‘;;

thick faintly gloving, ring, resembling a smoke ring centered on the parent
star. These planetary nebulae, as they are called are beautiful to behold

and ‘are eufficiently numeroua to support the viev that most stare somevhat

| heavier than the sun up to = 2 ‘Mg form them 1ate in their evolutionsry life.

" The fates of stars = 2 M, has been deecribed as explosive, ending an

" supernovae that leave behind neutron stare and lose much mass in the explogion..

Observatione of the,rates of occurrence of eupernovas have a large uncertainty,

. but ratee at the upner end ‘of the observed range are consistent with the :

viev that all eingle stars : Mo become supernovss. o

Supernova explosions pley an important role in the evolution of galaxies,

"for they provide a means vherehy the interetellsr medium of gas and dust be~

comes gradually enriched in heavier elemente than hydrogen and helium that

. we believed to be the initial material from vhich the galaxies and their firet
”',etars vere formed. There is no doubt that the envelope eJected in 8- supernova

} explosion will be enriched in the normal products of nuclear fusion. He C

!

0 N, Ne F, Mg, Si Fe and some intermediate elements. *There ‘are also nuclear
proceee that take place in the short time during which the infalling gas is

heated. to billions of degrees._ These processee build up other elemente lighter

~than Fe besides those listed and also build up elements heavier than iron all
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~ the. vay to uranium and a little beyond. In fact' Sh explosions may vell

:.be the only way in which an element like gold can be formed. . It is sohering':
to reflect that one's ring or the fillings in one's teeth were born in the

"~ heart of one of nature's ‘most auesome events! Stars subsequently formed »
from this material enriched with heavier elements evolve somevhat differently
in certain details than their earlier generation counterparts, and clues as .

' -to the ages and evolution of galaxies are contained in the relative numbers"
of metal-rich and metel-poor stars. l

In discussing ‘neutron stars - a hierarchy of degeneracies vas mentioned'

first electron degeneracy stabilizing the vhite dwarfs, then’ at greater den-i

o

sities there follows_neutron degeneracy stabilizing neutron stars.‘ Is there
~a limit to the mass that neutron degeneracy can support as there was for
electron degeneracy? The answer is a definite yes, but the exact limit. of
.the mass is not known as precisely for the neutron star as for the white
dwarf because the properties of neutron matter are not well understood The’
'_.limit probably lies somewhere between 2 and 3 Mg» and a neutron ster more
massive thsn this appears to have no further brakes to its collapse. It.'v
v_shrinks until its gravitational pull will not even allov light to. escape
.from its surface, and it becomes a "black hole", effectively cut off from .
our Universe by all save its gravitational pull on other‘hodies. This mustp
‘ aurely be the most - extreme fate conceivable for a star.. f _"‘1 _y
So far we have considered only the evolution of single stars unaffected v
.by any neighbor. . Stellar evolution takes on a new degree of complexity vhen .
'.we consider evolution of pairs of stars bound together by gravity into close .
-binaries ~ Such binaries constitute over half of ‘all the stars.

‘ Consider a close binary system of two stars of somewhat different masles'

on the main sequence. The more massive star evolves into the red giant stage

T

o




‘tirat and in the procele its ewollen etmoaphere comes under tha gravitationelib

v

n influence of the other member of tha binary When this: happens a sizeable
fraction ,and in some cases. all of the atmosphere of the glant may be pulled
.+ . off by the less maeeive star. Thia material forms an accretion disk about -
the.latterietar and iea&ee:behind the hot core of the rorner giant, now in-'
the iorn of a helium vbite dvarf.
| The'atar that has accreted the rormer giant'a atmosphere isinow more
massive than before, and ‘its evolution to ‘the red giant phaae is considerablf
epeeded up.- When it expanda to the red giant configuration "ite envelope comen
under the gravitational influence of the HD companion and may be captured by
. the latter reversing the original exchange of matter. When thia happena, the
eter-that has-recaptured its_envelope may be able to proceed on ita evolutionary
~ courze, and if it is massive enough to undergo a eecond stage of red glant
expenaion (vhan He burning ceases in the core), another transfer of envelopo -
My teke place.

The:extent'of'envelope transfer and the numbar.ofAtimea it can take place
:depends upon the maaaes of the stars o? the binary ayatem and upon their opera-‘
.tion. With these additional variablea the variety of poasible evolutionary
acenarios becomes quite large indeed. But tnere are atill more poasibilities :

v

to complicate the picture. Suppoae one of the stara becomes a supernova vhich

.

can eJect a considerable amount of matter from the aystem.‘ It the mass eJectedﬁ

is leaa than half the total mass of the ayatem, the binary stara will ranain ‘

together as binary,albeit with quite accentric orbita _If the eJect maaa -
‘“exceede the above limit the binary aystem will be disrupted and each atar

o

| will go its way as & relatively high velocity singla etar.

I |
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.spectacular results in the form of nova ov*bursts.’

: \ ‘
Under proper conditionl bbcretion of mass by one member of the binary

¥

can lead to formation Rf a blscﬁ\hole. At the present time the moat likely

candidate for an obnerve black ho e, is an x-ray emitting binary, Cygnus X.

Such a star must originclly\:?ve been too massive to rorm a dsgenerate core,‘

it must have formed a core too massive to

\

stop ‘at the neutron star stage.\ Such stars vere probably in.tially above

and in a supernova~explo|ion

_3 Mo' though this lower limnit is\rather\uncertain at our present state or

\ . .
knowledge. ‘ ) . . \\' ' S
In the process of accreting its partner s envelope a star pulls the

ncquired -gas rapidly onto its hot surrace and the process is often energetic
" \

'enough to produce copious x-ray emission. us many binary stars should be—
come strong x~-ray emitting sources during accrstion phases of their evolution.'

v If one member has evolved into a black hole, ié should be a particularly

vigorous X-ray emitter since the gas accreted by the black hole 1s accelerated'
to near the velocity of llght as it approaches ébe black hole "surface R and

collisions between such energetic gas atoms produce not only hard x—rays but

\1
k!

gamma rays as well. - - -,\

. . ) R v \ ) ’
Accretion under less dramatic circumstances cdn.also produce rather

"am dre believed to
occur only in close binary stars, and current opiniOn ascribes these impres- ;

sive mass ejections of novae to explosive burning of hydrogen that is rapidly ‘

‘accreted onto a very hot core such as the He white—dw:}f left after initial

envelope transfer. Nova explosions are far less~energetic than supernova

events, . and they eject relatively small amounts of’ matter, of the _order of

,A- SV . -"o

-~

0. l'Mo or less. This mass ejebtion can be_accounted for by accretion theories,

\*~-- P, S

U
S —_

NG
but it should be emphasized that present’ theoreticar'understanding of detailsu

of binary evolution is in an early state, snd much vork remains before the com-

plications of the life histories of these stars are unravelled satisfactorily.-




B BTELLAR STRUCTURE AND ITS DETERMINATION

e

e

I._ Introduction A .
Han's ebility to- deduce the structure and conditions of tenpereture end
lpreslure inside a star thst can only be observed from a 3reet distence nust

. eurely renk as one or the crovning schievements of tventieth century science. '1
Present knouledge or steller structure and its chsnge vith tine rests upon o ?
’lerge bsse of estronomicel observation end makes use of knovledge from neny :

~

‘brenches of physics. sy
The term stellsr structure properly includes both the study 0f ‘the intorior'
_or [ stsr and its outer lsyers or stmosphere, and since these two topics enploy
.different methods of study, there ‘has been a divison of the subJect into tuo -.
speciel fields, interiors snd atmospheres. Most or vhat we know about e ster is
.'leerned from the light that it emits and this*light is generated in the’ outer
_ reeches of the star, in its etmosphere. It is therefore of vital importsnce to
--‘understend the processes thet g0 on in the steller atmosphere in order ‘to. be y
| able to relete the hserved peremeters such as luminosity, effective tempereture,f
and chemicel composition to these variables deeper inside the stsr. The steller
etmpsphere is 8 boundary layer between the interior end the spece into vhich the K
”ster rediates such information as ve are priveleged to receive, and the pro- :
'__perties of this boundary region must be understood if we are to be eble to inter-
_-pret observntions in terms of interior structure. : o
| . By good fortune, it"turns out thet we don't need very deteiled knovledge
;.ebout the properties of the stellar etmosphere to deduce rather good models of o

jthe internal structures “of most sters. By most sters we mean those on or near -

.4&.

the mein sequence the white dverfs end red gisnts({n/th} early steges of their .

' evolution avay from the main sequence The distended etmospheres of older red

'_giante and special feetures of the etmospheres of some other types of stare in



" late etegee of evolution pley important roles 1n determining the deeper etrue- :
. turee of these etare.1 Detaile of the etmospheree of auch stars muet be taken -

into account 1f their etructuree are to be reliably deduced. We: ehall confine

\ .
ourselves to the’ etudy of the internal etructures of normal nain eequenee etere -

for the noet nert, and for theee the effect of ‘the atmocphere cun be einulated

_rather simply. We lhall -also be 1ntereeted to see how the 1nterio* of & eter

9

U changee vith time as more and more of ite hydrogen fuel eupply becomee converted
| w—mhy nuclear fuaion 4nto helium and heavier elemente. Theee evolutionery effecte
B cof exhauation of the:nuclear fuel cen be followed as the star leaves the main n\:
beequence. Reeulte of extenaive computer-aided calculatione ot the chenging
I'etructure of the atar~give ‘a picture of the varioua acenarioa a eter may be Ii'iﬂ
3 expected to follov in its later 1ife depending upon 1ts 1n1tial mess and com-'f~‘
poeition.v ‘ . This" constitutea the basis ofcstellar evolution. The nmain .gfz
f~; topic we will pureue, however, ia an expoattion of the general method by uhich
]details or the 1nternal etructure of a main eequence star can be found. The ‘ﬁ”J
'physical baais for "thesde calculatione turn out to be diearmingly aimple, and

._once the baeic stellar structure equations have been deriVed, mainly throuhh

,-‘v.

A etraightforward phyeical reasoning, they ‘can be used to calculate some- simple~

stellar modele. . B o - .. .1" "'
A etellar model is here taken ‘to mean “the radial dependence of aeveral
}_;. o pertinent uariablee uaually temperature, preseure, denaity, .composition,’ and
o 1» the net. eneréy.flow outward through a epherical eurface at radius r within the :ﬂ
atar.. The: maaa contained within radiua r is alao generallyudetermined as a .

-zi functior of r. These variablea preaented either 1n tabular or graphical form

conetitute~a etellar model.

Q .
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The obJect of stellar interior calculations is. to devise s model vhose
total msss, ‘M, 1uminosity, L, and surfacs temperature Ts correspond vith s K f:
real obse-ved star. It might be suspected that msny different models could

X .

'._lgive the same M, L, and T.. if this vere the case, ow could the correct model‘

..be identified ir indeed there were - a correct" modelt Under these circum- -

- stances it wouhg.be hard to do any meaningful stellar interior sstrophysics.‘mézfl
The field of model calculations would lack the essentisl requisite of ‘any good

_'science, namely unique contact with observation. ..... Fortunately for the develop-
msnt of our knowledge of stellar interiors and evolution, it turns out that

Jvith a fev rare- pathological exceptions, the structure of a star is un ___Jp;ig[
determined by its total mass and chemical composition. Thus, ve sre-assured
,that if we can calculate 8 model that givea the sane observable properties. as ”?'

‘lat real star, e.g., M, L, Ty, and composition u, this model will be unique and ’}

o

therefore the correct structure of the corresponding real star. This uniqpeness
theorem is due to Vogt and Russell and is a consequence of the mathematical iﬁf
structure of the equetions that determine ‘the equilibrium internal structure ;
of a star. A more detailed discussion of the Vogt-Russell theorem and its

limitations can be found in Cox and ‘Gatay. @) o I

<

IXI. Observational Base

‘ Let us consider briefly the astronomical observations on stars that make

up the data base upon which the theory of stellar structure rests mnd against

o P —
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which the results of such theoroticsl calculations musf be. tested. These ob-

\ : ; :
servations can:be grouped into several clssses ‘ o s

“a. Mag .

.n."

'Stellar masses are determined from[peasurements of the dynsmics

"

of binary star systems.' The measurements includc 8 variety of

" of differentrtypes of,normal starc,ubut,the number of precise



measuremente iu not very large. numbering perhaps a few hundrad ﬂ

8o this body of, observational ddta ia ather limited. '=“ AVI,frlﬁ

<

'; The inversa square law applied to the apparent brightness ot a ;

'i'star observed photometrically on arth gives its luminosity. L. g,

provuded its distance is knovn'and ‘provided that its. total reliant

-enersy is measured by the astronumer. Usually ‘the total radia--ff

o

“tion cannot be measured, hut only the radiation falling into a .;;
:limited wavelensth range. In this cace~the total radiation can :L;
: usually be isferred from the spectral distribution of the rsdia- ;?
'tion actually measured in tbe restricted region of the spectrum -

N Except for relutively nearby sta"w whose distance can be measured

accurately by triangulation (some 6?00 stars), stellar distances

must be determined by various indirect methods subject to more g~f'

or less error. In the matter cf deducing the total radiation of

a star rer the whole spectrum from photometric meﬁsurements made f
a ,“Av

'in the visible part of the spectrum, thers is considerable

for error especially for very hot stars that radiate much ultra;

_violet light and Lor cool, red stars that pnit muoh infrared radiae

. . .
<y
s

tion.
Température
The surface temperature of a star (actually the temparature of the .

“

B

relatively thin shell the photoaphere, where thekvisible radiation

‘of the - star originates) can be determined by observing the color.

B temperature, or by deducing the temperature from relative intensi-.

ties of several spectral lines, or fromia knowledge of the star s
W " X

f'radius-(rarely known from independent measarement, witn the notayle

[
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‘f.}and a amall number or nearby atare. moatly large rad giantn, vholo

C diametern hava bean meaaured interferometrically, and a number

" and radiua are related by the Stefan-Boltmann law, L= bt o n"’-r"

D’_'Thjs assumes that the atar radiatea a: a blackbody which is. a d

"'Daparturaa from blackbode radiation can be’ taken into account by

" defining an effective blackbody temperature. Terr» to be used in . ;

'.oxeeption of. theésun)‘ Tha surraca temperature ia moat orten
7found by mealuring the color temperature. i.e., tha temperaturd ,
;‘of s blackbody that ‘would have the aame oolor (apectral diatri”fQ

. the photosphere ia inacﬂea-ibla to obaervation. or courle,

- da
. of aclipeing binariea whosa light curvoa 3iva the diametera or

of atallar radii. However, the luminoaity, aurrace temperatura,vif
'reaaonably good aasumption for the maJority of main aeqnenca etara.

' place of T In eithor caae the atellar ‘radius is related to

bution‘ in the vieibla region of the npeotrum aa tha star under ;}

oblervation." The temperature in the.interior of a star balov

Radiua o o . Aﬂl -

Exoapt ror tha Bun vhoae diameter can be nraaured hy triansﬁlation

the eomponenta. ve have no other direct obaervational knowledge k

luminosity and temperature by a Stefan—Boltzmann type of eqnation. ;

Chemical Compgeition Lo '. e _ia d‘f ;

The Vogt-Ruaaell theorem identifies composition and nass a8 the

’-main factors that determine the atructure of.a atar, 80, the role s
':ot compoaition is certainly of great ilportence. -It iawunrortunate-
_ that only the aurface composition can be determined by otaerva- , .

* tion. Stellar apectroacopy is used to determine the aurfaca com-

| "position-and it is applied»in mucﬂ the.same way as it is used in .



L

A

."the leboretory to identify elenente ‘afd einple noleculea fre-
ithe vewelengthe of their ehereeterietic epectrel linee or bpnde..é
Theee are eeen in eteller epectre neinly in ebeorption (or s
'occeeionelly ] emieeion linee in eone very hot etere) The g
';irelntive etrensthe of the ebeorption lines in a eteller epeetrul

R E&lve quentitetive infornntion ehout the eoneentretione of verioul'?

' educeted gueeevork to obtein fron thie eurfeee conpoeition an idee“

, of the internnl conpoeition.. The two-ere releted in different

- the emount of nixing of. the eurfece vith underlying neteriel throuum

' determine unembiguouely the stere internel etructure. The einmleet

aseumption is thet the. eteller meteriel ie well mixed in the eerly

A Lo . A i . .
N o . . o “
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elenente in the outer liyere of a eter hut one nust rely upon 5

ways in different typee of eters, depending~to|e lerge degree upon

the action of turbulence and eonvection., In some etere thie nixing
ie importent, and’ in othere it is not. It is therefore a ne&ter n;i
for expert Judgment to relete obeerved chemicel ebundencee et the

eurfece of a given etar with the interior compoeition needed to 1~

. etegee of formntion of the eter and that the eter begins life on

"the main eequenee with a homogeneoue compoeition, uniform through-:i

out end the same as thnt obeerved in leter life in ita eurfece

" layers. This: neene eimply thet the obeerved eurfeoe compoeition L

is eeeumed to be the same as thet of the interior of the star when f

o

it begins life on the main eequence and eterte converting hydrogen ;

into helium near its center.

As- time goes on, the internal compoeition villwchange, of courwa, L

beceuae fueion converte lishter elements into heevier ones, bvt -

-theee procesaee proceed at . definite end predicta:le rates. If

-
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‘we knov the initiel—compoeition, . can, keep trnck ot hov it

:f;: R chengee uith time'at every point in the ster.- We rely upon. the ;f%
h | eboence of nucleer proceesee in the outer lqyere of the eter te ,
preeerve the prinordiel coupoeition thero vhere the eetroncler

e o . i ;i can uc.sure it epectroecopicelly. Thil ecenerio Coec not hold
- _u’l‘ ,j'jf univereelly, hut it eppeere well Justified in the nnJority of '

| etere end serves as a ueetul uoﬁking hypotheexr. On the beeie Jfﬁ
of epectrel enelyeie of eteller light we’ expect the mese concen-? :

'v.retione of most " eters to. coneiet prinnrily of hydrogen (5701)

" ‘and helium (=25-3os) wita rele.tive!y little (s3$) of heevier
eIemente, chiefly neon, oxygen,. nitrogen, vith ntill lmellcr
emounte of cerbon, magneeium, eilicon, eulfur, end iron (HO 1’ _
eech) Other lemente than theee are ueuelly preeent only in ."'
trece enounte 4n- the outer leyere or the eter, but deep ineide

A vhere nucleer transformntione tnke plece, the henvy elemente nny

: huild up epprecieble concentretione in time. |

Beeidee the obeerved features listed ebove there ere othere of a generelly
different cherecter uhoee beering upon the subJect of steller etructure ie
either leee direct or leee well understood at preeent. Among theee are ‘the sur-'

o fece magnetic fields end rctetionel retes of etere. . Most starn hnve emell '
nngnetic fields eimiler to the field of the Sun and amounting to less then ~7A

. about 100 geuel-et the polee. Some etare however, have etrong fields in the |
- kilogeuee range, while fielde at the eurface of white dverfe ere thought to

8

renge from =105 to as high as 108 gauss. o o

Steller magnetic fielde are meenured spectroecopicelly bx,obeerving the
aplitting of npectrel linee through the Zeeman effect. Technically the meaa :-
euremente are very difficult except in the stars with vnry strong fields -

:/'
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: beceuse in moet week-rield stars_the epectrel 1inee ero not very mherp They
]',; v ere broedened by erfecte or collieionn and thernel velocitiee. by‘turhulent :
o notione of the photoephere, end by Doppler shifts originntins fron eteller ro=- .
'tetion. The Zeeman eplittins ie genernlly only a minor contribution to overallii
1ine ehnpe in guch’ etare and i: obtnineble with considerable uncerteinty only ?
"erter sll the other broadening effecte hnva been sorted out end qunntitetivoly

feccounted for. It 1is fortunnte for progreee in the field of ntellnr interiore

that the usnetic field of a star seems to play only e mll role in detaminiug

the internel etructure of a normnl star. wPresent knovledge ebout ‘the origin ofvi
~ the field in a ete.r un the Bun indicates thet the field originates fmm con=

vective notione'or ionized nnteriel feirly far out neer the photoophere, at _w.;
most involving less than the Outer 20% of the 8 un'e rediue. ih tnie'fegion the §
interaction of the field vith the turbulent gee should effect the ncele and
deteiled dynamics of the-turoulence; Conlidering hov little we know at present %
etout tnrbulence in generel, it ie"eege to say tngt magretic 1nternctions do |

not seem to piey e neJor role in determining the structure of the outer convecmi

y

§

.vﬂ'_ : ;tivo leyere‘of Y eolerltype gtar. Whether thie holds true rbr etere with'mngﬁ .é

| .bstronger fields is open to debete. _ | . ‘

- , Rotetion has been ‘grouped with megnetic tields for a good reason. Tne T %

o eppeer to be intimetely connected. and in the cese of the SBun, Perker (2) ‘has ;

shown in detail how the solar field arieeu out. of dynano effects dri\en in pe.rt'r

- byxiifferentinl rotation of the verioue lnyere i she Sun. It ie‘eleo;ntrongly

euggestivo that the strong«’ield stars are all rnpid rotatore ag well, : In |

fact, obaervetion revealn thut the youuger, more . mnasive kot blue etere (thoer
"earlier“ than epectral typs A, havizg surfv«e tempereturea 28000 °k and masses
greeter then about, 1.§so0lar uauees) are the rapid rotntava and include all the

knovn strong-field stnra Rnpid rotntiun, oeeidee giving rise to etrong fields

vhich ahould inrluence cwnvective tnrbulent regiona of the eter also mnkoe the

~9

eter non-ephericel.= Repid rotetore are oblat boceuee of centrifugel foroes
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and can bulge very coneiderably at the cqnator. Thia neanc thnt the apherical

eyunutry that 13 80 helpful in reducing complexity of the general eqnilibriuni

atructure eqnatione no longer holda, and the atructure calculationagﬁacona luch '

.nora difricult. Even so, in the cases in which rotational diatortion has boon
?taken 1nto account the structures do not dirrer greatly from the non-rotating
_utarn. Rnpid rotation might be expected to 1nf1uence the rate of. nasa loss

' fron starc via thc "ltellar vind", & counterpart or the solar vind of: nntter

sjected from thc Sun. Maua loss 18 particnlarly pronounced in the hotter, no"e o

-maasive atmrn vhere the radiation presaure i® so great due to the high radiation

' dansity at the surface of the star that significant amounts of matter are
| blovn avay. Rapid rotation shoul& enhancc this mans loes trom the eqnntorial
regions of the star where centrifugal force aids radiation preasure.
Obscrvationelly, stellar rotation ia measured by thc nymmetric broadening
of spectral linea.due to the DOnpler shift. Every surface element of the star
is eitner'approaching or receeding from the obacrver at a velocity which dayanﬁ&
upon 1ts poaition on the stellar nurface upon the rotational veloc‘ty of Gk
atar, end upon the angle betvcen the obaerver and the axis of rotation oI cho
atar.: It is nossible by sepmrating this rotational part of ‘the apectrai liae _

shapea from other sources of-line broadening, to srrive at a star 8 rotational :

- welocity. The dsta actually give Q ain 0 wvhere Q is the rotationnz ?&locity

and 0 is the inclination of the axis of rotation. Statist;cal studies of. large
'groups of stars of similar type gerve to separate  from 6 since the laiser may
be aaaumed distributed randomly over il‘angles. Maas loss can: uometimea be '
immazured directly, the besat case being planatary ncbulae that have eJected mase-
iz the form or a visible shall whose cxtent can be seen and whose dcnsity can
be in!erred from spectr oscopic data on the shell radintion. Mags loss from ,

;.certain other types of starﬂ wuch aa- the very 1uminous young b1ue O-gtars and

9
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N neesureuente or gel eJection velocities, ngein making use of the Doppler et!bet

“of neutrino e-ieeion are calculable. Bince neutrinos are herdly etopped et ell

- to be solved.

" a restrictive obeer?nticnel constraint Any valid oteller'nodel must fit eoneé?-

the older, poet nnin-eeqnence thiente can often be deduced tron epectrel

There reneine to be mentioned one unique obeervationnl means tOr eeeins"
.into the center of a star, neutrino netronn.y leutrinoe ere eJected in the -
nucleer fueion proceeeee thet provide . star's energy, and the rnte and energy:
by uatter, they travel outvnrde frum the eenter of” the eter qnite unilpeded '
end orrninto epece. The Sun ie & cloee enough eource, end the only eource clos
enough. to generete a neeeureeble neutrino flux on Eerth. Meeeurenente or .‘
thie flux ere very difficult beceuee ‘of its enell interection vith nntter, but
Devie and hie covorkere (3) have eucceeded in. eetebliehing the fhct thet ‘the
eoler neutrino flux ie at leeet a fector b lese than that predicted hy current '

nodele of the Sun, and therein lieefen.inportent current problem in estrophyeice

4 Finelly, all of the observati onel informntion inplicitly conteined in the

H-R diegren constitutee a primary pool of dete ageinet which to tent theoreticel
{.

eteller models and their evolution vith tine. -The H-R diegren ie reeily qnite;_'

R

B
vhere on thie diegrau in regions vhere reel etere are found and it must con-

forn to the other known propertiee of reel eters in thnt pert&of the diegren."'
It muet for exnnple also fit the ‘observed mene-luminoeity relation for real

etare,_enother restriction on-.possible models’. N

& -

I;I. Equatione of Steller Structure

B0

As in most ofner brenches of phyeical science the eetrophysicel deternin- -
etion of stellar etructure and evolutiqn proceeda by a reguler interpley betveen'

theory and oboervetion. Starting vith initial, reasonsble noaumptions ebout
: S

. chemical conpoeition, g model star is calculated, end'itsAmeae, luminosity,

10
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eurface telpereture end eny other obeerveble propertiee are celculeted end :
checked egeinet observed etere to see . vhether the - uodel star netchee eny real

I _star. If not the eeeunptione are chenged & new lodel ie celculeted, end it

| ie egein ccnpered with the gelut of reel etere. Vhen the nodel netchee a reel‘
star, the vogt-Runeell ‘theorem assures its’ correctneee provided conditione fbrf
the epplicability of the theorcm are nct. Theee are quite generel, dnd_the.v”.
- theorem almost elweya holde. i . . o e |
| We nowv. procecd to develop the principle eqnatione that govern the interior
structure of a ephericelly eymmetric star in eqnilibrium. "By eqnilibrium ve
* mean that ltructurel chengee may teke place, but only elovly on a time ecele l
of at leeet the order of lO7 years vhich ie the tine it tekee e eter like the
| Sun to reedJuet iteelf by the action of gravity to enall ltruoturel dieturbencet
Thie time scale is celled the Helnholtz-xelvin contrection timm Thx. It is ;_
.one of several .important eteller time scales end the one which Aeasures the o
relaxation tine of a uter for deperturee fron energy belence (1.2., thermel
_equilibriun) It is in order of magnitnde, ‘ _ .

Tk = Rth o . O .‘n' )

A L : ' _

where. Eth ie the totel internel thermal energy or the eter. If the star has no
strong megnetic fielde, and 1if ite internal energy is made up mainly of non- .

relativistic monetomic perticlee, Eth can be eveluated in terne or M and R for

o the star. The resulting expression is approrimately

Tim %2 x 107 Gy? (o) (E-;.)'yei.r. @
where H' L‘, R are respectively the eolar nass, luninoeity, and rediue.' The -
significance of TﬁK is that the redius of a eter adJuete to non-eqnilibriun .
conditione at the rate . . ‘_

R(t) = R(o) e'?/THK o s - (3)
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Ahother tine scele'or interest tovde is the nucleer time scale, T ; that -

leelurec the ti-e it tekee for the propcrties of a star to change eignificantly

el a result of nuclear reectionn in the 1nterior. This time, too. vill have -

convereion of H %o Beh, a process with an efficiency of 0. 7% of the total

' sequence stars begin to change into red glents vhen ebout 10% of their L L

for a star like the Sun, though for very'nassive'stars both time{ecelcs'beccne

J.‘/-A

diaeneions of en’ energy divided by the 1un1noeity, in this case' El/L vhere

B‘ is the available nucleer encrgy. For a lter that dcrivea ite ‘energy frcn

.
Bass-energy Mca, one would expect En to be. proportionel to .007 Mc2 The pro~

portionelity factor is aboux 0.1 bccausc it has bcen found %het normal main-

has been converted into helium., Thus we find

x =b 2:: .A L |
T]l, 711\0 %9. 1010 (uﬂ)( )yea.rs o (ll)

e 4

: Thun”Ti and Tg, are of the order of 1010 years and 2 x 107 years respectivel;

inch lhortei. With the-help of the cbserved m;ss-luninosity reletion, L can be

elilinnted from these tine scales. The M-L rel&tion 15 usunlly given in the form

L « M vhere n dependu somewhat upon mass and renges from about 2. 75 for lov

! mass nein-sequence stars to about 4 for stars morelmassive hhan about 0. 6 M .

Observational data on stellar radii also léad to-the empirical rclation R « M®
vhere a also varies but is approximately 1l for main-eequencc (MS) stara more
mneaivc ‘than =0.6 M . With these M-L, M-R rclet;ons-the.time scales can be ex-

pressed in terms of M alone:

T, =2 x 107 ”e years . (5)
HK T .

e Tﬁ = 1010 (gg)B years o



. . . - Lo
“

or Tgyy . I L )
‘-,‘:—-.- 103 for all MS stars more massive thnn ;0.6 M,.
- ; _ |

i
-

A no'rul ltnr can thoroforo sd,just its utructuro to ochiove onorgy bnhnco.
nnd lvdrostntic oquilibriun on a time lcn].o that in very lhort conpe.rod vith
the lcalo of - n.Jor evolutionary chnngen, e . This concluoion eltubliahu ;
the nlidity of trenting noml stars’ u "equilibri\m objectl bound togotbor »?.5}';;
by grovity on one hnnd nnd provonted from collnpsing on the other hnnd by tho
outvurd flow of energy from nuclear nources in the interior and by the innonsc ﬁ
'_ prnnuru gonented in tho ato.r by tho thoml onorgy it containn. . _
| Thi- qunni-equilibriun property of the star grontly ainplifies cnlculu-.;"n
tion of 1ts ltructure, fbr it allows us to npply rolnxivoly simple static oqun- {

" tions to the interior. COnsider first the requirenent that the ntnr be in .
: hydrontntic equilibriun vhich me:no thnt a given ‘blob of gnseoun nnterinl in -
. the ntnr in at . rent bnlanced by the inwnrd pull of grnvity on one hnna and by
| the outvurd buoynnt forces of the prensuro gradient on_the other. This buoyunt
;.: force is exnctly annlogonn to the familiar buoynnt force in nny fluid. Archinedol
‘Principal says that this fbrce in equal to the weight or the displaced fluid L
: ) which 1ia ninply the mass or the fluiad timol the grnvitntion ncceleration at ito
reat ponition.. '

Suppose we take as our nnmple of gas in equilibrium a thin spherical shell

_ in the star. Let it havo radius r and fhicknesn dr as shovn in Figure 1::

13
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Figure 1. Thin spherical shell inside a atar for which conditiona of aqnili-.’.
: ' ‘brium are applied. .

Let the material vithin this ehcll have denaity, p(r) temperature, T(r), and

pressure, P(r) ‘The masa,_dH(r), of material in the shell is. given aiuply by

dM(r) = hw r2 p(r) dr .o (6)

and ‘the veight (i.e., gravitational force aeting on the shell) ia Just g(r)dH o

L.

\ " where g(r) is the gravitational acceleration acting at radiue Ty o

. In Y apherically symnetric distribution of matter the gravitational pull-

at any point r from the. center ia as if all the matter inside a sphere-.of

. radius r vere concentrated at the center. If G is the gravitational constant
(6.67 x 10-8 dyne cm? gm ~2), it follows ‘that the gravitational force on (am)

at r ie making use of (6),.

S dM(r) = hn GM(r) e(r) ar ' f ;'_ ..(7)
.r ' :

‘where M(r) is all of the mass lying vithin radius r{‘that is,

)+ L) < [T - < plr) . @)
B R - . ) : §

The buoyant torce on dM(r) is supplied by the dirference in pressure between

the in-ide lurface of the shell where the preaaure ia P(r) and the outside

: ) lh . . i i .‘.;

- Ol oo




surrece of the shell where it 18 P(r + dr) = P(r) + gP‘b' Pressure being

P

force per unit eree, exerts a total cutward force of hw rl P(r) on the inside

surface of the shell end a net force, due to the pressure grsdient, dP(r), of?

S - Fé = iy r2 dP(r) S (9
It is this net outwerd force on the shell . thet is balanced by the inwerd pulll

of gravity given by (7). At equilibrium “therefore (7) and (9) must be equal,

80

@P(r) = - M(r) g(r) ar _ o o
The minus sién has been added to'signifv that the pressure decreases es r in-' '

craases. It must eventually go to zero at the "surrsce" of the ster.

This equation (10) together with (6) or (8) defining M(r) make up tvo ‘of
the four principel equations that determine a normal stellar - structure.

The third structure equstion deals with the energy generetion in the star

_ and’ its connection with the totel outward energy flow, L(r). This quentity

will be called the luminosity at r by anelogy with the total energy radiated

. by the atar. which we heve termed its total luminosity, L.

Let e(r) be the rate at which =sch gram or matter {n the sbell of radius

r in Figure 1l is genereting energy. Then, since there are Ly =® f dr grams

of mntter in the shell—~the net- contribution of- the“shell to”thé"Iﬁﬁinosity_is~'
aL(r) = b r e(r) e(r) dar | (11)

This is the third principai structure equation and the rirst 80 -far . to introduce

expl citly a property of the material of the star' €.

The remaining structure equstion deals with the ~Processes- by which energy

flovs outward" in the star and is therefore expected to contain additional pro-

perties of the stellsr matter. The- three principal modes of energy transport

are rsdietion, convection and conduction. We can rule out the latter as

15
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'pleying only a very minor role in most sters (exeeptions vill be dilcussed

_'leter) by noting thnt even at the 1mmense pressuree end deneities present A
;in the Sun) the tenperstures are lufficiently hish (=15 lillion degrees in the
8un) 14 nnintein nntter in very naerly en 1dee1 aee stete. Likevise conditions-?i

”*'outverd fronethe center elso contirn the velidity of ‘the 1deel seseous etete

'throughout the ster, egein with some exceptione to be diecussed leter.: Gesee
- and reemigsion of redietion) or by convection (turbulent verticel no‘ions of

’ heeted belovw). Usunlly one or the other of these processes vill predoninete f.i

yin a given reg;on of a ster, though both msy be going on’ vithin fhe same ster. Ao

" mode of energy trensfer involv 8 absorption of rsdient‘energy by steller nstter
“‘The process is not very efticient ir only e single step is considered beceuse

. very neerly as such energy 1s rersdisted invard as outward from any sm31¢ region,.

"onsequ e of the sphericsl geometry and temperature gredient in the star,_
: the stellnr‘surtece. ! . S '". .

one gees a short distance into the star. There- temperetures ‘rise repidly until

' ‘most of the red;etion 15 wihea v ;et light xnreys, end eventuelly gamma raye -ﬁe

o

ci%

the centrel regione of ordinsry stere (~2 x 1011 etnoepheree and '160 gns/enz

are kncwn to be poor conductorﬁ of heet ‘20" we expect thet energy vill be trens-{ﬁ;

6

ported through a geseous ster either by redietive trensrer (stepviee ebsorptionf_

the ges vith hotter gas from below rieing to mixwend transfer its eet to the

cooler overlying ges, the cooler gns sinking in tbo procees to becone further

The predominnnce of one form of energy trensport over’ the other in a given stell t

¢ . -~

shell ellovs eech process to: bo rented seperetely end greetly simplifies nattersb

Redietive transfer will be considered tirst. Asomentioned eerlier,*his ,:.f:

followed by reemission of:the energy as radiation again e short tlme ieter. o

D

g

but the ebsorpfion and reemission s rspid, 80 many steps cen teke plece in = -}
unit tine, end the sligh* predominsnce of outwsrd over inward reemission, af'v )

@

suffices to make the overall‘process an: eftective means for getting . energy to .

-

The radiation need not be visible light- 1ndeed 1t is not, as soon .as

R
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near tﬁe.center{ The primery redient energy given off in the nucleer fueion
reectione ie in the form of gemme redietion, end it ie oniy after a lerge =
_ \'~l'number of ebeorptione and reemieeione thnt the _energy of thil radiation ie .
degraded into the renge ve femilierly refer to as "1ight" It is eometinee ?T
remerked thet the center of a eter would eppeer dark to & humen observer. '
Thir i« not true beceuee other rediative proceeiﬁe teke plece involvins chnrgeT
C . Pecilnin collisions that produce vieible light (bremeetrehlung and Compton '
. ucettering, for exemple) but it is. true that the central retion of a eter uouiq
R feppeer far leee bright than its tempereturemuould euggeet. S ~’ . "
: e :
The luminosity, L(r), givee the totel energy rlowing outuerd through e

ep;ericel surfece of redius r ineide the star. The outvnrd energy flux et r

ie therefore Juet L(r)/km r . The tempereture gredient dT/dr ecroee a shell

_ oﬁ thickneee dr muet be eufficient to’ meintein 4his radient flux. We can get
| the required daT/dr byAeimple ergument . |

‘ Conaider the radiant energy'flux L(r)/4x r2 as being .propelled outvnrd by
'nrudietion preseure, Pred’ An much *he eame way as hydroatetic pressu:e—forces -
“Nw”“_ﬁﬁiii;:te;“through a pipe. If the radiation preesure is P4 at r and (P‘dP)red N
?‘5 : ' at r + dr then it 18 the difference, -dpP d’ that givee rise to._ the outward.

flov of radiation, and this difrcrential preeeure must be exectly balenced by

et

- _ ;;,'the reaistance met by the radi ation along ite oatvard pé%h. The resiatance

ie provided by abeorption end reradistion proceeees in the shell dr.

L3

When an atom abeorbe redietion the procese coneervee momentum -’80 the *
.;fﬁ \'t"_ nwmentum of the absorbed photon ie given to the - ebeorbing atom. If _before’
it later reradietee ‘a photon it collides with a neerby atom, some of the mo-

u“~' 'jmentum it picked up f rom’ the ebeorption_ot;the.photon—is~transfered—to‘the*‘—“_“

Z

’;‘ eecond etom.; This net trenefer of momentum from.photone to ges atoms con-

l\{i o ‘-ltitutee & force ecting upon the gas- arieing out of the rediation preeeure.'
. H‘A photon of energy E carriee momentum E/c which it trenefers to.e.gae-etom l
N . ‘\) - - - . ‘ RS -’ ‘

oo
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upon Beihg absorbed. We expect , therordro, that one factor codtributing to
the Aasistunce of matter 4o the flow of redinzion would bo proportionsl to
L(r)/ux rc (of the form E/c) einco this is tho net nomeatum carried by tho

| rediltion flux, L(r)/kx r2, A fraction of .this no-entul flov is stoppec bv

" the etons in ar by. ebeorption.

Let the _opacity of the gas to radiation be duignltod by k (Greek letter
kappa, the conventional notetion in the ltellur interior litoreturo) This,
is just the usual mass ablorptipn coefficient in phylicl. Ir a bean of Light

' passcs tﬁroggh a fhicknees;x.of nstter of density p, the beam inteniity‘de-
'creasol according to the familiar eqnation . | o
‘I(x)'I( ye . L )

o

which is equivalent to snying that ar/1 -'-xpdx. Applying thie definition of
' K to our lpherical shell dr, a fraction kP or momentun’ flux L(r)/hw rc is trans.
‘fered to the gas. by abnorption 1n ar, and it follows that for this to be balance:

" by theAdifferential radiation preeeure, ve must have

Ve '-d.l?md = KpL(r) dr \ , (13)

hw_rac
Eléétfomagnetic theory provides a simpls relation oetveen radiation pres-

>
sure, Prad’ and the energy density of the associated radiation field 'E
: N

rad’
this is

]

 Praa ® %Erad "3 a® - (14)

- Where a = ho/c ror radiation in local thernal equilibriun at temperature T

.(0 is the Stefan—Boltzmann constant) The difrerential pressure dPrad’ is
. } therefo:e simply : aT3 a-, and (13) may be written ) .
“ dr - . 161[ r_z;cT3 . . - o ) (15)

“18 .
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This ie the final interior eqnetion needed if the lter'l-energy treneport 1-

entirely by redintion with convection uninportent. Rote thnt both p end K"
vary vith r since they ere runctione of the vnrieblel T(r), P(r), end coupoei-A
tion. The opacity 1- enother conetitutive pereueter epeciricelly rererrinc
lteller nstter that has to be: 1ntroduced. " ) “ :
Ir the thermal gradient, dT/dr is large enough convection will develop

beceuse the underlying gss vill be hot enough nnd therefore have low enough
dennity compnred with the gas in the upper pert of our shell, dr, for\the

. | buoyence of the lover mrterial to overcome grnvity.: ?hie lighter underlying |

2 °
i gas will riee through the overlving ges fbrning'turbulent convectiva cells

_that treneport thernel energy. From another point or view, it (aT/ar) rndietivu

is  too small (because px is too eunll) to ellov the energy L(r) to. escepe by

redietive trnnerer, the star vill rind nn alternative vey ror the energy to

get out, and convaction is the elternntive mode of energy trensfer. }

It 13 poeeibla to devise n einple criterion to teat vhether convection can

-
w B

tnke plnce et any given plece in the stnr.n Th;i\ie done. by ueeing vhether a

blob of gas of density and preeaure p(r) and P(r) from the bottom of the shell
dr would rise or eink if moved outwards by the shell thicknese dr and sllowed -
to,expend ediebntically to the den;}ty and pressure of the surrounding gas at
r +dr. If 1t\einke under these conditione convection vill not take place
.} and energy vilL be trungferred by rediation. ,The criterion that reeulte fron_

theae consi’eretidna is i)

.

| L (d'r) < (1 - %) %g_rj_ | for stability . (16) -
dr red .4 r | | ' '

Ir the 1nequelity is not obeyed, convective ‘transport- vill predominete. In

8o,

thie expreeeion Y 1s tue uuuel retio of epeciric heats at conetent preleure end
conatnnt volune for the etellnr gas (y = ¢ /c ) .This ratio entere 1nto ex-

presnion (16) beceuee during ediehetie expeneion of the test aenple of gas
19 -

Qo . . o } . . - . o

et
.

’ y.




‘at r +ar.

'_flux,

l moved tron rtor + d4r no heet is interchanged with the eurroundinge end

the ediebetic expansion law, PVY a Pp - conetent muet hold. -

_ «e Once convective trnneport hae been eltebliehed. e different expxmsmion

thnn (15) for ar/dr must ve applied beceuse the encrgy trennport rate s

different 8chvnrzschild(h) gives a linple epproxinete theory for convective

-_energy flov in ternn of the excess tenpernture thet an ndiebeticelly e¢panded

. volume of gne moved to r + dr has over the tenpornture of the nurroundin° gee---

v

Ir the blob of gas travele on the average a dietnnce L0s the "mixing

length" before beconing nixed vith the eurrounding gas and loeing both its

identity and the . energy it carriee, the" finel expreseion for the convectiv.a

heat flux can be vritten(h)

. . _ N g ) . 3 : | - . .
- '.nc-o“_-%.e.cp (sgégl)" (avr) el an

where AVT eignifies the excess temperature of the rieing gas over its eurwound-

ings Lh above its starting level This rlux,nny.be comparedvuish the redintive

°

et s At e ant vecaira s+

o (r) u b ae g3 AT . | C (28
Hl‘ld-"ulr -. '3KD"dr ’ . | n( )

8

obtained by revriting (15). The totnl flux H = Hrnd + Bconv can be solved for

0o

the actunl tempereture gradient dT/dr using (lT) and (18) Hhen this is done,

it is found that AVT, ‘the excess over the edinbetic gradient ia very small,

:

of the order of one millionth of the adiabntic(grndient itself, or of the orderf’

v
oy, ,

- of only about lo K/em. A typicnl eonvective velocity v = 30 cm/aec vhich is s

severnl ordere of megnitude amnller than thernnl velocities, innuring thnt con-

'Y

ivectLve flov does’ not upset overall hydroatatic equilibrium. The convective '

hent rlov etill contains a perameter the nixing length, vnich is dirficult to

evnlunte. Schvnrzachild and others hnve tnken l to be of order 0 1 R but

o 20 I . : )
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”‘"5thil is & problem we need not pursue here. Before leaving this brief dilcul-
| sion of couvection, it should be renarkod thnt the convuction ie tvrbulont and

gerves to nix thoroughly thc content. of any convoctive region in a ltur 80

. the rogion 1- prctically uniform 1n ca-ponition.

" Since AVT 1- so. small conparod with tho ;diabstic grudient,-

- _'1 T ap ‘ : . | )
=Q-9F% | L ()
. . ' ) . _ v Zvv T v ._r" ._
the latter can be used in place of (dT/dr)_., from (15) wherever test (16) shows

conv.ction to be present.

e

W N ;
The four (or five, if we 1nclude (19)) atructurc equations hav: “hawn written
in terms of P, p, and T, but these are related by the equation of shaia «f an.
. ()" .
ideal gas,

vhich is the vay astrophysicista customarily vrite the more ramiliar roru

-

PV = nRT. In (20) k is the usual Boltzmsnn constant, 1. 38 x 10™ -16 ergs/°k M

. is the mean molecular (or atomic) weight of the gas, and H iz the mass of 'y

' protoh,'1.67 x 10“2h;gm. Solving (20) for p and subst*tutiug into equationn (8),

(10), (11), and (15) serves to eliminate p giving o

(1) 4
U GHE.M(r)

(11) caM(r)  bm H

(111) dL(r) hn H tE'P

ar .k MET o o (1) -
v (1) K
. S (4T) -3H e b(x) P _
' df 4 167 ack r2 . Th -,
' ('.)‘ (dT) ( i. T ap .
; @) = (1.3) 4P
_ &’ conv . Y Par -
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' nodeln.

' cest ina ve:y simple form. While it is true that the lteller surface is not

Thene equetione, together with a kmow‘edge of K end“c and their depeudance

on P, T, M, end vith euiteble boundary eonditionn ensble un to construct ntell
The boundnry conditionl will de dieeuened first. 'They can generlly be_ n.

nharply defined the density does fall to gero rapidly beyond ‘the photoeehere-
in @ unell fraction of the star's rndiul R. Binilerly the tempereture and

preanure fall to zero rapidly beyond R, #o for our purpoeen it il psrnieeible '

‘%0 toake as buundnry—eonditions- . _ : o e

P mpm=rm)
ﬁ(r)_fa o | } et r = R ;,I - | ‘ .ff
;AL(r) L | ) . ( " |
aee ‘M(r) =0 N | A , ST (22)
N Lr) =0 | |
P ‘ -'Pc. > at r = 0
A e

T =T 7 ]

. vhere ﬁhe\sdbacripte ¢ refer to values at the center of the atar. 'éhe cendi-"

tions. M()) = L(r) = 0 follow from: the definitions ot M(r) and L(r) Since.M(»)

is the nass a-chin a ephericel surface of radius r, it clearly vaniahee at
G .
r = Q, Likewiee atr = 0 there can be nothing left to generete energy 80 .

L(G)-O.m S c

. :‘Q . . . . T ) o .
The. mean atomic ueight u is often«more conveniently .expressed in terms of

the composition. The convection in eteller interior vork is to expreee coupoei-'

" tion.in terms of three variables X, ¥, Z vhich are reepectively the mass

.rrec‘iona or H, He, and all heawier etona in eflemple of eteller mntter. It

".1.

follove that X + Y + Z ‘= 1 g0 only two of these’ varieblee are needed to epeeify

N

the conpoeition. o - R e o : ;' ..‘ . -
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The reesonvvhy'npocifying‘only H, He, end'"peavier" atoms ia edequnte e

in moat stellnr interior worh i- twofold: (a) in normal nain sequence stars

the nuclear energy genorating processes repreucnted by € involve conversien R

ot H into He and occaeiennllx conversion of He into C12 (1,00, x.“'j! und

b 4 -—-z) The deﬁnilmd patura of Z is needed only if one wizhes to study the
proceneee of: nueleoeynthmsin vy vhich all the heavier claments nre built up in
stellar nuclear resctionm; and (b) as nccorlequence Qf the high tenperaturel

in ‘st ellar intericrn the eteml are fully 1onised for the nont pert and the
heewier ntons presant in appreciablo amounts (generelly leln than 3$ by veight)

nay’ be coauidered comrletelv 1onized into bare nucloi plun free electronl eqnel

‘in nweber tc the atomic numdber: of the heavy nucleun nnnely = A/2 electrona

12

for elemants C-° and up vhich are the ones or interest.

The molecular veight of a gas is. the veight of l = 6 x 1023 particles.

Ir 6 x 102% stoms of HL (1 grel) are fully fonized, we have 12 x 1023 particlel

gram atan of theee (6 X 1023 particlen) weighl 0.5 gram since on average

h&l’ vill be protons and half electrone. The ‘mean molecular wveight of 1onised

. hydrogea is the*efdre M. Sinilerly a gren-aton of Heh (4 grema) vhen fully

'1onized gives 3 x 6 x 1023 particles (each Hed gives 1 alpha particle plus 2

"olectrona), thua the mean molecular weight of fully 1onized Heh is E: Finelly, )

3.

: heavy ‘atoms of nornal atomic weight A give rige. to A/2 electrons per nucleue,

end the mean molecular velght qf the rully,ionized matter is approximately

/

2A ; 5, One gram ofva mixture eonaia;ing.of xlgme of hydrogen, Y gramn»ofl

" A+l

. helium' and ‘Z grams of heavy "atoms""fully lonized, predﬁcea'Z particlea

lfrom Hl plus %I.particlee from Heh “plus (ﬁéz) Z particles from heavier atoms o

where H is the mass in grama of a single hydrogen atom. The mean moleculer

welght of this: gram of matter 1a by definition the veight of 6 x 1023 particlea.

o
&
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‘,Bince'ﬁ.-~6 x 1023, it follows that W is lln“dividedlby the sum of partitles

Zlven above, or

TR ‘ : : : 3
el e (23)
In terms of X, Z,: _ .
we b S (k) -
5«2+ 3 . . T~ -

~ The range of M ie fron ) for pure hydpogen up to 2 for'heexy nntter’(z 5;1).-: g
As Hl — Heh in the deep interior, X decreesel end u increeees raising eech
gradient dP/dr, dH(r)/dr, ar/ar, and dL(r)/dr in the beeic etructure equntione.
“It is not lurprieing that the incrsase in Y thnt relultl from convereion of
B into Heh has large effectl upon the structure of the star.
Conaider the next constitutive variable, the opacity, K. 'It ie cleer~fro- '
the etructure equntione, (15) or (21 iv), for ar/ar thnt K controle the tenper-»
. ature gredient where redietive transfer predominetel. In regions of lerge
opecity, the energy cannot eecepe easily. As a renult the local preeeure and
tenpereture riee, ceueing the eter to expand until the energy can get through
q- : the high opacity region at Junt the rate et vhich it ie produced in "the. interior.
Q“ l- .3 It ie‘cleer, therefore that the structure of the star- vill depend in a sensi-
“'tive vay upon the opacity, for if K changes, the star has to rendjust itnelf
' bh .throughout in ‘such a vny as to ellow the eneréy aenereted in the deep interior .
‘to get-out without being blocked anyvhere. The opecity iesexpected to depend
upon P, T, and composition and gill vnry-yidely:betveen the centerlnnd eu:fecu “
* Accurate vnluee of K as functions of the variables afe too complex to bel_
represented by a simple enelytical formula. For detailed ctructure'vork,ﬁ |

valuee of K are tabulated as functions or P, T, x Z, end used in thnt forn in

/
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'co-wuter‘celculeted'eteller sicdels. However, analytical repreoentetione can
be obteihed vhich are eutriciently‘eceurate for approximate structure doter-
ninetion- and vhich have a further edvnntege in ehoving clearly the functionul
dependence of ¢ upon T, P, and couposition. o

. Except near the eurtace, teuperaturel are so high in normal stere that
fhe atoms are noptly fully ionized, and the etellar neteriel consiltl neinly
of bare nuclei, chietly protonn and helium nuolei, plus enough eleetronl to
5ive eleetricel neutrality. These.- electrons may be tree (not bound to any
nuelaul) or bound'tenporerily tot.nueleua until a |ufticient1y energetic photon,
comes elong to free it by photoionization. Buch bound-free traelitioni eonstiJl.

tute one of the most important processes contributing to opacity. 1In fact,

~ bound-frze transitions ordinarily contribute the dominant term in K;
Next in ioportenee are free-free transitions. An electron in an unbound
" state in the vicinity otie positively charged nucleus trevels.iq.e hyperbolie
orbit. - lt it eecouotera'e photon, it.een be_ehiftednto e;ditferentounbourd
(hyperbolie) orbit vith ebsorption of eeergy from the §hoton; Such a proeeul

can only take pleee near another interacting particle (the positively cherged

~~~~~~~ -nucleus- -4n-this-case)in- -order- ror momentum to be coneerved.. Finelly, free
electrons can: lcetter eleetronegnetic radietion by the Thomson scattering pro-
»ceee. In. the cooler eteller envelope,-the more tenilier*bound-bound trenaitionl

can take pleee, giving rise to nore or less sharp ebeorption lines vhoae vave-

lengthe are cherecteristic of the absorbing atos. But this process is of
NI |

. negligible fmportence in the interior.

D B, . .
The bound-tree and free-tree trensitiqns are much more inportent than |
electron scettering in most stars, and it is posaible to express the b—t and
t-t contributions to x enelytically by a tormula tiret obtained by Kremerl.~
We will not derive the Kremera opecity formula but will aimply present it

and mention the physicul origin of the various’ fectora that appear in it




Kfﬂhxloa?. (%) %3.5 (1*x)z°."1l . S .
L » o e
5“ = b x 102 g %3..,"(1-2_) (1'1+' X) ent

The nunerieel factors are nede up of phyeicel constants euauen e, h, By, ey
ecc. The opecity would be expectcd to be proportionel to the density of thn

gas, o. lince ebeorption is certeinly proportionnl to the nuaber of ebeorbere

(A the 1ight peth. The te-pereture factor entere in a difterent way.. One ley -

_say that at higher temperature the redietion pressure is higher so the redie-_ -

tion. flovn more easily through the matter leeding to reduced opecity. Or one

may ergue thnt as T increases gb~t nbeorption must decrease because the chnnee

is lneller ror a given atom to hnwe sn electron temporarily in a bound state

at any instant. ‘The £-f nblorption vould also be expected to be ennller nt

higher’ tenperexure vhere the electron kinetic energies are higher, the hyper-j ;

bolic pethe are ltreighter, and the electrons are ferther rrcn the nuclei on

the nverege. giving a reduced 1nterection neceelery to conlerve momentum 1n

the'proceil. All of these veys of looking-nt the effect of T lead to the eif"

et e i =t T ———
vt

aehov the dependence to very epproxinntely as T'3 5 " The Geunt rectoi; g,

‘erieee fron the vave neture of the electron and is neerly unity. The ”guillotine

rector » t.‘ 1ntroduced by Eddington to take into eccount the fnct thnt once

* an atom has undergone a- bound-free transition, 1t 1- for a time uneble to repent

this process until it leter ecquires a replecement bound electron egein., Thil

effect acts to reduce_the ebeorption below that which would exist 1if every

cfem-yere available for b-f absorption at all times. The guillo%ine factor -

o,

dependslupon the amount and relative aburdances -of the heavy elements, upon

. the density, cnd upén the temperature in a complicated nenner, 80 the,celuee
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' opacity dominate.

of t are usually tabulated. Simpler approximate snalyticel formulas for ¢ .
are lomtinos used in less dotailod ctlculn.tiom. For our purposes it 1s

. -ui‘riciont to take g and t both of order unity.

At low densities and high tapouturu lcattorins of radiation by i’r«

- electrons ('i'ho-plon nccttoring) can do-inato ovar b-f and f-f trn.nlitiono

vhich roquiro clole proxinity betv«n oloctrono ud .ions. Thompson scattering -

givu e li-ple contribution to the opocity.
Kg = 0.19 (1+X) - | | | | '(26)

'naia in proportional to tho nunber of fru oloctronl *1 (1 + x), as would be -

expcctod. - The number of olectrons is simply tho aun of contributionl,

ﬁg “_g#lA_z_g-l(1+x)p_,ofelectron:rroqumofhydrogon,Ymof_

He, and 2 gn-of heavy élements Renamber that H in the denominator of the

.

' lu-ution is the mass of a proton or the reciproca.l of Angadro'l nunber . \

Pigure 2 belov shows the ranges of T and p in which the va.rious kinds of

e rrmess s it 0% -

e e o o e =

™~
3
5t 7/
K], |
_ " Electron
o T scattering - ,
logT ' ; Conduction by
' ob ‘degenerate electrons
€k
4P
IS 1 1 . A L L 1 A [ 1
-8 -6 -4 - -2 o 2 .« ¢ 8
loge

'l_"igin-e 2, Tenperature denaity diugrm for opocity. Tlie run of p, T for the

Sun is ahovn .
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. Th;smrijurc 1nciudéa a form of conduction that can de 1-pogtunt in regions

of very uigh densities wvhere the e¢lectrons are packed so closely that they
become degenerate as they are in ordinary untnls at lpv-tchpdrdtu:os. Undor';f
these conditions heat can burtransrcrrhd.by'canduction via the degenerate
| electrons in much the same wey as heat is conducted‘iu\i ngtsl. ‘Thil-ptoé-ii
is twry efficient uud leids to noarly isothermsl conditioni throughout the"

wdagonérate regioh. Electron degenerucy 1: commonly found in vhite dvarf utur_:
in the cores of lov mass stars late in lire, and in malniva red giant coral

\- ".f-/(' ’
B

after converlion of H! to He! hal ceased in the coro.

In ordinary nain-sequence stars there are two main procesnes by vhich Bl_;
is fused 1nto Heh In stars less massive than about 1.2 M control tenperat _'
and densities favor the.proton-proton~chnin uhgse_principal‘rgnction atepl

are given below with the energy releassd in each reuctiou:

Bl + Bl —= D2 + e* + v 1.bk Mev (1.4 x 1010 yr) |
D2 + Hl — He3 + v IWN"Q 5.49 Mev (6 sec) (27) *
2 He3 + He3-—~> Heh + 2H1 + v 12.85 Mev (106 yr) -

¢

I
oo

c* is a pouxtron and v 1: a neutrino.. The times in parenthgsis aré the -;;n
times between reections for conditiona-in the cghteg of thu Sun. For exh-pluﬁi
a\prcton will liveaun the avérage_ror 1.h x ;010 yrs before it undergoes a!

‘uoli;aion vith another to fo;u-a'Qeuteron iu the first reaction. The D2 has &
mean life of only 6 sec_b;fore it is coﬁvértéq tu He3, ead 8o on. The#e nru_
other branch'reactibnslin the set, bdut thg;thrgeuphuwn above aﬁe the main ones.

‘These generate a total of 26. T Mev of enurgy'per He¥ Tormed (2 each of the firs

tvo reactiona must take place to provide the tvo He3 atama for the final reacti

Each neutrino carriea quy .26 Mev, leaving 26.2. an per He¥ to contribute to

the - ﬁtarﬁa luminosity.
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. In more mnivo stars in which central tcnpera.turu exceed = 15 x 106 °x
the follo\dng cycle of rea.ctionn bacones tho dorinant energy genenting proceas,
'l'his set of reaction- ccmpr:lm the ca.rbon cycle, somotimes known as the CNO

bl-cycle since c. N, and O are all 4nvolvod.

cl2 +Bl —§13 4y 1.9% Mev (1.3 x 207 yr)
313 —t3eat ey - 2.22Mev . (T min)
' c13 + gl —-+111" +Vv  7.55 Kev (2.7 x 208'yr) -
. IR . : h (28)
ELh 4 gL agl5 4y T.29 Mev 3.2x108 yry -
015 ‘——"!l1.5 +tet 4y 2.76 Nev (82 sec)
W5+ Rl —cl2 e et 4 v LoT Moy (1.1 x 105 yr)

! About one in 2500 of the last reactions prod\lcol an 016 and gives rin to

° the folloving set of reactions vhich are not very important from an energy pro-
| "duction -tandpoint bnt do 111uatru.te the first steps toward building heavier

elements: _

| ¥15 + Bl —>0l6 4y |

| 016 « Hl P17 *V — ;“ﬂ___“m : ) N IR o

ri7 —4-'--01'7 setey . _ 5 o (29"

017 + Hl —» R1Y 4 geb

The carbon cycle uges C12 as a catnlyst since it eventually regénératen thc
cl2

except on the rare occaaions vhen the second set of reactions takes pluce. ‘
‘The main reaction is again fueion of four protons to form a Heh nuoleua. Energy-

- releaned 1n this reaction is 25 0 Mev a little leas than in the p—p chein be-

" cause more ¢nergy 13 lost through neutrino enialion in the carbon cycle vhose
.neutrinos are more energetic.- The mean reaction times in (28) are again for
solar cegtral conditions and vary widely with temperature and density. 'But the}

give a rough indicafibn of the slow,.overal; rate determining éteps. :

9.
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A third kind of. nuclear energy gonerstion procesas vill ba ncntionod hrioka

‘the triple-ulpha process by which 3 He* - mxcloi fuse to form C2 in a. tvo-ltop h
process vith Boe as tho intermediate product. This procosl only gooo nx vory .

) high tauperoturoo above 108 oy, bocnnso'thc strong couloib ropulaion forco.bOé

tveen two Heh nuclei roquiren a large thernsl energy to overcone it during o "

oolliaion in order that the nucloi can approach clouo enough for the utrong,

short range, attractive nucleur forcoc to operate. - _ .
- The rate of energy genqration, €, by any of the above processes must con-: -

tain sovoral factora'vhich can be Justified by nimple‘physicalsorgumonﬁo.

Pir.t, ve note that collisions must occur between two nucloi, such ll tvo oro- L
tonn, 11 e nuclear reaction is to occur." In fact, thele collisiono nnnt bring
the nuclei within tbe ronge of the nuclear forcos (ﬂ 0‘13cn) for a *oaction to
occur. It folluvo that one of the fuctoro in € muat be the nunbor of tinol

per second, oii ihe avornge. that one kind or nuclouu collides vith uncthor.

~

Let the distnnce betveen nuclex for intoraction via nuclenr forces bo

¢

denoted by d. This may be thougnt of as the radiua of the "sphere ot 1nf1uznca

— “”ot*a given nuc»eus. ir 1t comen vithin a.distance 4 'of another with vhich 1t 1.
i
capable. of reacuing, a re: ction may take placa. Aa a nucleua of one kind, suy g

_ typojl, moves about at velocity v, it aweeps out a "cylinder of 1nf1uence";of_j_

" . volume wdav each second. :

- . .
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If there are X " nuclei of type 2 per unit volume (vifh vhich type 1 can react),
our moving type 1 vill encounter wd"’nav type 2 nuclei per eecond. end will pass’
thelekzggugh to cause a reection. If the particle deneity of type 1 nuclei is
N, per unit volune., then the totel reaction ~rete must be proportibul to
ﬂdavllnz. This can be converted into mess densities by noting that N, ie pro-
portionel to px, and '2 ie proportionel to px2 vhere x1 and xa are the reepectiw
ebundancee by weight. Thue the reection rate will be proportionel to- wdapav!iXé-
This can be further linpliried by teking i ato uccount the vave yropertiee of
nutter. The deBroglie wavelength of & nucleon is h/mv, and the collision dis- -
tence, d, N“lt be proportionel to the deBroglie vavelangth. Thus 4 is propor-

tional to vl and the collilion factor beconel simply: 2
Y

A ‘ | .
' éonlidered. Actually, a distribution of velocities is present, and at a temper-

. % %o
" 8o far only nuclei moving vith a eingle relative wvslocity, v, have been

‘aturs T, the Maxvell-Boltsmann formula for the diatributiou'of velocities in &
‘gas says that the number of nuclei that have reletive velocities, v, il pro- "

« . portional to 12'1“ 3/ e -g' wvbere U is the reduced mase of \the colliding nuclei
(u'1 = n1'1 + -2-1) and k is the Boltzmann conntent., This factor must ello -.
eppeer in the finel formula for €. _ '

The colliding nuelei both have poeitive charges and repel euch'other
electrbeteticelly: In order to.get.vithin range of nuclear rorcee they muet
penetrete‘ihia Coulomb barrier. The Coulonb repulsion ie very strong at dil- :
tence of the order lO 13cm and it would require very high temperatures to pro-
vide enough thermal energy to drive tvo nuclei thia cloue together. These
tenpereturee vould have to be far above those in star centere vere it not for
‘the fact that the wave - nature of the nuclei permite them'to tunnel through s
Coculomb berrier that they-could not otherviee energeticelly lurmount. rigure, :

h illuatru;es this. tunnelling proceuu scheue*icelly.

31

-~
{




COulomb potentiel berrier

de Broglie wave e--ociuted with nucleon .

JNuoleOn of energy E ingufficient

Small probability to go over Coulomb barrier

of nucleon wave
tunnelling thru ’/”
* barrier. .. )

L+— Range of nuclear force -

3

*-;",——Nuclear,binding energy

Figure h} Bchennéic repreeenﬁetion‘of nucleon,tunnclling through COuhonb berrier.

~ The tunnelling probability, first calculated by Genow reduces the nunbor ’

of ettective collieions by a factor proportional to -

- fhna z1z2_ : _ o ' o R
vhere zl and 22 are the charges on the colliding nuclei and h is Plench'
const&nt. o ' R .o

<

Finelly, even. if two nuclei collide and penetrete the Coulomb barrier,

nuclear reaction will not always teke plece. To account for.thip, another.fecfor

L]

r, the "nucleer fector" must be included It ie the probebility'thet’e.reection >

‘vill -take place betveen tvo nuclei once they are within the renge of nuclear

forcea. It depends veakly upon the relative volocitiea of the nuclei and

- strongly upén the perticuler nuclear species that sre colliding. h ;'-' LT

when all the factors are put Logether the energy production rate, €, is"
proportional to




g o) - o). r

‘ _ collili’on Huwoll-noltmnn Gamow ' llucln.r
factor “factor factor ' fzotor

\.;

(30)

' 'I'hio ozprousion involving exponential terms that depend upon T can be upprox-__‘"

hntod by much more conven:lont fom. -
4 . | B
€oxo * "Bpxxcn‘l“ f | o ' o (32-)

vhere A and B are qmi-constnntl, (that is, thoy chengo slovly with T), m and

'n are exponents that also change slovly with T, and xcn is the nass rra.ct:lon ot

' heevier uteril.l that conaiotl of -carbon a.nd nitrogon. 'xcu is roughiy %.z

s,

for solar type stars.

In (31) the exponent n 1- 86 at T =} x 106 °x, dropp:lng to =3, S at h:lsh 4
0.

tupentureo around 2 x 107 ok, 'I'he value of m in (32) also varies fron =20 '

at 13 x 106 K down to =13 at 50 x 206 ok, .
| In the mge ot teupera.turea found 1n the energy producing core. of tho«Sun,
(:l e. , '1‘ @12  to -15 million degrees) n =4 and m %20 vh:lle An 10~29 ergl/ooc-gl

and Br:l 6 x 10" -1k2 ergu/sec-gm. Taking ZCN = % Z tho energy generetion oqua-_

;t:lons for a solar type sta.r beccme, epprox:lnately, N

0 - | e1’17' = 10'29_ DXQT“ erg@ec-gm o L (3 03)-_
\ . ' ; A ’. . ’ . ’ (.
écno' = 5 x 107143 DZXTao'_erg/nec-gn C ‘ _ (k)

The noch ltrongor tempereture dependence of ecno rerlects the higher Coulomb
ba.rrier of the heavy nuclei whose charges are =A/2,. A being their a.tonic nunber,
6 to 8. For’ completeness we add the approximate expreuion for: €3¢ for the
triple alpha process as given by Schvarzsch:lld(s ),

e3¢ = 107248 pPy3r30 - o L (35)
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process:

' formod) for the three processes are .

‘,'hieh 1- valid for T ﬂlho nillion 4~'rv . § i»s of course the .relative

_ ebundence of He“ - S - )

Fisure 5 below givas the dependencae ol twy three €'s upon T for the
particular choicee, px2 =100, Z = .015x and S B 108 for the triple-elphe

*i0

+£

!95‘

. -s o * ) .
o ) 1 . 2 LSS S
[, ‘..‘ 7.0 7.8 &Q ! ».
P B L . log T “ ’ .

Figure 5. Nuclear energy generetion retee as tunctione of tempereture

The energiee releeaed per gren of trenenuted natter (1 €., per gran of leh or CL
&£
. _‘Te . . - /

‘.Efp tu. 6. 3 x 1018 erg/gn He4 formed "m
ECRO = 6.0x 1018 erg/em He4 formed - S (36)»
By = 6 x 1017 erg/gm C12 formed
Hith these energy release veluee and the e's,_it is streightfor'ard to calculete
the rate at which. Hl is converted into Heh. h - o o

at =- PP __oNO _, o (37
Epp  Ecno T - (31)
dY _ ax geq. ' S :
at "t R
E3a

_ These equationa, as Schvarzechild points out, contein the core of steller

evolution° “the chengea in chenicel compoeition produced by. nucleer reactions

1oy



. within a star. The atructure must chengo in response to chengee in xg Y
nccording to the Vogt-Russell theoren vhich says that the structure is deter-

_minea eolely by mass (fixed in a given star) and composition which chengee
“with time. ) o

~

lov thet € has been found in terms of p, T, X, z; it can be exprbelec

vith the help of the gas levw p = E—— in terms of P, T, X, é'end inserted into

“the ntructure equetion (21 i11)., All of the etructure equetionl then dopend

upon Just 6 unknowns, P, T, L(r), X, z. IfX end'z ere knovn or inferred fYOlb

epectroecopic neesuremente of: the outer leyerl of the star the number of un- |

knownl ie‘reduced to b and equals the number of equations (21). | _

" Bince the four equationl only determine chasiges in P, T L(r), M(r).iithb .

'_ rediue the procedure for lolving the equations involves eaeuming values of P,

. T, L(r) M(r) somevhere in the star to etert with, usuelly the center or the

surfece, end ueing the equetione (21) to calculate veluea at slightly dirferent

. These valuee are then used- €B=progreeeively calculate values at another .

neerby r, and so on throughout ‘the ster. B ‘ : S

Iv. Calculation of-a Simple Stellar Model |

s To illustrate the method by a simple example, aeauneau is constant'through- ¢
. out the eter._ Such a star vould heve to: be very young,et an age before any -
appreciable fraction of 1te hydrogen has been converted- into helium. Ir we
take X =1, Y = Z = 0, we have the simplest possible case. ’:" °
Next choose suitable vnluee of Po, To &t the center where L(r) and. M(r) .
0 Hith theee valuee we will 1ntegrete the atructure equatione outwerd di-.
;viding the radius of the etar into a number’ of thin ehella of thickneee Ar.
A finer division would give greeter eccuracy. There 1e no reason why ell the

ahelle ehould be of the eeme thicknesu but divieion into equel Ar ¥ill be used

'1n thie casge for 1llustrative purpoeee Ve nrbitrerily.pick starting valuus of

I3
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6 o 16

T.=8x 10 K and F, = 8 x 10 dynn,’cn because these lie in the gcnonl

range of vnluoc for a stnr somevhat lecn than one lolar ‘we0s. The gus llg
oll‘l |

Pe = e WHPe _ .5 x 1.67 x 10'2h x 8 x 1016 v 60 5 gl/cl3
‘ ch 1.38 x 10‘1671 8 x 20° - - %

y Any of the four vnriablos P, T L(r),M(r) at r can be calculated at
‘r + Ar by means of a Taylor's -erial expuncion about r. Yor _exauple,

P(r +'Ar) = P(r) + = | Ar + % L d 2p | Ar L SR

We vill take only the first derivatives (f:op nqnatiﬁus 21) except vﬁoro they
vanish st r=0. In the prenent exn-ple Ar“vill be chélen £o be logcn, small
enough to give a fairly smooth run of the vnriablel P, T, etc.

In the first region, at r = 109%m, designated r,

R M(r;) = &: r3 _pc:- 2 x 1030 on.

1

Since at the center (dP\ » 0, 1t 15 necessary to take the second ordor torl
4 dr lc )

in the series expanlioq:

s . ' ' _ff . | .
a°p b ap 2 b 2 : ggj _
_ = - %G {2p r+p = - —§Gp, because = 0,
u(m)c 3 [b.dr ]c _'3,'°. ~ _,(arc
: Taking G = 6. 67 x 10"8, its value 1n cgs units, and Pe = 60 5, we find
P(rl) = P, - _.(_pr 2) ry 2w 8 x 1016 - 2 x 1015 = 7.8 x- 1016 dynen/cn .._'

o

Thg luminosity at ry béconea

- L(r,) = (gfizl) xr, +#1(8TL) .2
o e 1 2\gz) 1
By (11)_(dL/dr)c = 0 since it is proportional to re, Again the 2nd derivative -
» _ . ki . ! e e

must be upéd:



~ °’

a2, a ae] ' .
- 4L e [2rp€+r2c‘g+r2p—] =0 - '
;T.rzé" o .‘ dr ©. ar Jq B l

- Therefore a third t;er- in the.:expanlibp is needed. It is’
. - ‘ . 3 ! . . . ) . . L. . v
=1 [aL 3 _ 2% _ Lo _
Liry) = =122 Jack . 2
L( 1) 3 (&3).:(&) = 3 [2oe + terms proport:lom to r, r, eto.]M

-

= by 7 |
3 Pe € r].3

vhere ve‘hl.vo used Ar = r) = 10%a, as before.

| ' This star has a relet:lnly low 'I'c l.nd the p-p chain will be the only ime
porturt mode of energy production. There{ore. we can te}e for € at the center

" from’ Ean. (33), . = o o | S
B (e)-l,(f‘9pc VD - '

4

. 'h.king = 60.5 gm/en and T, = 8 x ].06 °x, we obtein € = 2. 18 ergl/eec-gl.

and L(rl) = 14.6x 1030 erg/eec. _ o I
Since T has a maximum et the center, (d'.l'/dr) = 0, and & second term in

‘the expuuion is required it is

1 dz']'.'a ;) _3"‘. pc. 1 oy ‘ . 2 2
T (——) Ar)” =« T =€ au(r) .- 'L_.S_l!‘ 2 “KgPg Eery
drz_c( r) . 32'°'°Tc3 [;'241- 2-r Tl -.Snc"r 3.
B . . . - < e .

a .

» : . 2 2
Therefore T(rl) =T, - KePe €ery
8ac T3

4 'l'he opa.city K, must be enluated before T(rl) can be ca.lculeted. 'I'a.king the
Kranere value for free-free trensitione (b-f trenaitions may ,ie ‘neglected when _
Z = 0) e-td add:lng the electron sca.ttering opecity (equltion 26) gives ”

. K 3.0.3? + 8 x 1022 p_c S 0.39 + 3.32; = 3,73 em™
. . : ‘ Tc305 =L

With this opacity T(r,) = 7.86 x 106 k.
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In Table 1 a].l of tho cbon values at r = 0, rl w2 x 109 and at

. successive Ar = 2 x 109cn intorn.ll o.rc 11ltcd. The tpplicublo atructuro
fornulu are collucted belov in nunerict.l forl

.AN(r) -w 12,6pr2r

A(r) = -6.67x m&p_i—)-Ar

263 55I-‘-(-’5'-)- A (redlative trmport) ..

Ar.\v

AT -’ -1.62 10-16 _(._). Ar (convcctive tmoport)

<

AL = .12.6 r2peAr | - - (38)
| € = 10-29 pTh o PR : . ’,
. 1922 A L .
) . P 6 05 x 19‘9 _TI: . . . .o
13T < |° 48P | ‘condition for stability agninst convection

TAr PAr -
(-’ = 8, 95 x. 10‘9 P3/S =], 30 x 1018 7~ 2 5 (convective tmnpo:
(NOTE: '].'he rornula for AT (convective) comes rron _%r— = (1 - -—) E w:lth

‘.

betveen /p, and P for convective (adiaba.tic) trannport 1s the familiar
:adiabatic gas lav p = KP KT'(FL) with K, K’ constmta vhich are

- eva.lua.ted from pe.rticula.r valuzs of (p, P) and (p, '1‘) ca.lcula.tcd in the

' convective regiOn of Table 1 below.) -
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\\\ . . - o ;. * N ’ " . . . - ,0.
This callulation has behn,carried only as far as r = 1 8 x 1010
'vhere P(r) beconel negetive. It nuat go to, sero duet a bit short of this:
, radiue vhere T ehould aleo becone sero as required oy the eurfece boundary

o

. conditions. The fact that both P and T &0 not einultaneouely becogﬁ\aero -

~ for some r vhich‘vould then be the etar s radiul, R, 1- a eign that the . g
correct initial conditiona were not chosen at r’:—o. Thie is no aurpriee
'eince P anﬁ/lc were ‘chosen arbitrarily for the“firet run through the cal-

' culation. A triel and error approach could be adopted, goins back to r=0
and changing the central peranetera Pos Tq nlightly and reﬂeafing until
T(R) = P(R) = 0 einulteneouely. "There are more ;ophieticated methodl for
inauring a fit at the eurface(ﬁ) but theae will not be described here.

Our model ie uneucceeerul in the eenee that our firat guess at initial
conditiona did not produce a poeeible ltar._ It did.e;rve to illultrate the
numericsl integration of the structure equationa conaidered as finite aif-
ference equatione (38) rather than as differential equationa (21) :

" model alao«illuetratee'the development or a convective envelope on a radia-
“tive ore. Initielly at- about .r = 1.2 to 1. b a cuspicicusly. large AT/Ar -
was found uaing the radiative tnaneport equation for AT/Ar. Hhen this a
tested by the ‘stability criterion (Eq. 16), it-was found that convectiou
takea place in this region. -So AT/Ar was recalculated using the convective
.-'forn of AT/Ar from Equation (38). At every eucceeding step thie test had to ,
| be repeated to be sure convection pereiated.;

Stellar models are generally preecnted in tabular form as in Table 1

above or in graphical form in.vhich various parametere P(r) T(r) L(r);

o
f

M(r) aré plotted against r. In Figures € and 7T below, this i done for our '

| first-trial model. ...

e | N 40
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i vIn l"igure ‘] the‘boundq-;, betveen rediet:lve end convect:lte resione 1. e

..‘_' -,.

< .' cleerly indiceted by the mpd 1evell:ln¢ otr or ‘the !l'(r) tunction.' m-
1e to be expected becme eonvection ia en etﬁ:cient neene or energ tre‘ni-
port and coneequently convectin regione hnve euller tmpentuh ;redionte

-;. then edJez:ent redietiw regione. g.[n Figure 6 ‘the eonvective regio\p is eeen \
['oto lie ex ehout the point—;here the lunino:ity Idr) celnee to increeee be- '
o ; cme nucleer energy generet{on has ceued (t w 0) vhere the tu:pereture hu
- ; ;econe too lov to euet'e.in’ :épreciebie nydmgen bu;'ning.

‘.o' e

) The nneelof the triel nodel cennot be deternined until the nodel hee

N
Y.

been edJueted to give proper eurfece conditioge P(R) - T(R) = b rigure 6
. smm that M(r) 1is st11l rieing at r.= 1.8 x 1010‘ At thie point M.= 1. 13
x 1033 = 0.57 u’. so it appeere thet thin nodel, properly reedjueted vould
yield ; eter of = 0. 6 - 0. Gsnoler neeeee. Ite luninoeitx.vould be® -
0 h8 x 1033ﬂerg/eec or ehout 1/8 L J-end 1te rediuefvnuld be roughly 2 x 1010

cn, ‘f ,about 0.3 R, “ w1th‘$heee ngugh‘eetimatee or L ‘and, R th ~~e{rective S

) .(".‘.
. uurrace tenpereture beq\_es « 80, 000°K rrun the Stefen—Boltzmenn equntion{c'“

AR 3

o T- Thie would be a very blue hot, eub-dvnrf eter, veLl belov the nnin f

_ sequence and rer ‘to’ the lert 1n the region generelly associated vith the
- * S . ‘ A, -
centrel etara of planetery nebulee. ."v~

¢

L vj ;fﬁz The general features of the curves: 1n Figuree 6 end N ere repeeted 1nﬂ

the rolloving figuree that illuetrete reel, deteilé nodel celculetions ror

. . '
. . - -

" Lo
lnin sequence sters of varioue masses. oS e T
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S of co-poe‘ition Xa 0.90, ! - 0. 09, 2 & -0, 0(6), L = 2 L tor
S , o _ _-.‘thie upper me:ln sequence eter. It Tas eeconvective core endr
R _. | " redie.tive envelope end« energy :lq genereted ne.inly by the cerbon

LR cycle. The bounde.ry betveen ;core end elvelope is: et r & 2 x 1010
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Figure 9 Model star of 0.6 Mg> R = o.375 R of conpoeit:lon x = 0. 72

-

'1-026 z-ooz('f) L-ouL forthil eterwhichhueudie-

tive core end%e convective envelope Joined et r = 0.85 x- 101°e-. .
o ' _ ‘The star generetea its energy by the P-p proceu.- Ita aurfece

. tenpereture is 7500°K, sonevhe.t hotter and’ bluer then the Sun.




The nodel star shovn in ngure 9 is rather like our eerlien 'trie.ly
‘node; 1n size and mass. It 1- e good, cquilibriun -z.i uhile.tne tftal
model vas not. The higher central preeeuro nnd temperature luggelt thqt ‘.
the trinl model ought to be lodified in thil direction. B
‘ The estropnyeice literetugyzconteinl many exenplel of lteller nodelo |
celeule&sd for a wide range of nasses end conpolitionl. Thele, plotted on —_
l the H-R diagren ead nele-luninoeity diegrnn reproduce quite letilfyingly
the dietributions of reel stars on these diegrens

°

N The field of lteller evolution which is a: generelisetion of the fiold
’ of -tenu- etructure deternination sctually 1nvolvel the cnlculntion of
° i vhole eeriee of nodell allowing:a smell conpoeition chnnge betieon succes-~ -
"‘mro nodele of the kind that vould take place 1n o eter converting its '
1nternnl storel of Hl 1nto Heh endvheevier elenentl. Theee euccellive nodele;
1nvolve a celculeble tine leple betveen then during vhich the co-polition
"’chnnge occurl. ‘When the series is connected by a line on the H-R dingrnn,_af
e nuch a line repreeentn ‘an evolutionary track on the diagren ulong vlich a .
lter novee as 1t eges._ The vnrioue fornn luch tracks teke depend upon both.f

"initinl mass and conpoeition of the etar, and they fornm the bneia for a:’

' diecueeion\ot stellar evolution. o ‘ f,._, -l. _ S .{ R s
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PULSARS

- I. Hiatogi
: : Puleera vere firet dieccvered in late ‘1967, more or lees by accident. _;
A group of radio‘aatronomere at Cembridge . Bnglana, (Hewieh Bell, Pilkington
}Scott: and‘COIlins)(l) had Just put into operation 8 nev radio telescope
optimized to detect ecintillationa in radio eourcee cauled by amall ecale—
- variations in the interplanatary gas or-. "eoler vind" ‘ Thie was part of an
: important program to meaeure the sizes of aatronomical radio hourcea and : ‘
‘from size measurements to determine their diatancea. An inportant feature o
| of the radio detection eyetem of the teleacope wae itn capability to respond
ito rapid fluctuationa in eignal strength on a millieecond time ecale. Thie .
- “ "reeponee had been deeigned into the eyetem to permit it to record acintilla-:.i

¥

tione, but it aleo gave it'the capability to reapond to pulear radio emie-,.'

. [
< . .

sion. . _ _

| Shortly after thie new telescope uent into - operation the Canbridge

1 group begad to notice occaaional eporadic interference the etrongeet appear-

A ing “to come from a location in the conetellation anpecula. Thia‘eource was .
periodic and coneieted of ‘short puleee of 81. 5 MH energy (the frequency to :
.which the teleecope wae tuned) repeated precieely every l 337 aeconds. Thie
firet pulaar vas reported the following February, 1968 in Nature and wvas |
confirmed promptly by other groupe st Jodrell Bank Arecibo CSIRO in Aus- ;4%'

tralia, and-at JPL in California. Meanwhile Ryle ‘and Bailey(a) made a more .
‘Cambridge l~mile interferometer. They found the radio eource to be located

- ' near enough to a faint, eomewhat reddieh etar to euggeet strongly that the N

. etar and radio eource were one and the same.
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Pilkington end his coworkers(a> rechecked other locatiors where inter-
‘ ference hsd been found among the scintillation meesureme;ts and quickly
'found three more pulsars. Meenwhile vorkorl st Kitt Peek begen seerching
. for opticel puleetione end early in qu Lynds Hersn and Trumbo(h) found - 1'
'vhet seemed to be e reguler but very small veriction in light from the star
believed to be essocieted with ‘the first puller, but these light verietione
'hed a period tvice that of the redio Pulses and a different shepe.g : '
The sesrch for more of these mysterious obJects vas on in esrnest end
_"to date more than 100 have, been found and ltudied.- Probebly the most valu-
. eble of these from the stendpoint of the help it hes provided in underetending
: the neture or pulsera is the Crab puleer NP0532. This obJect vas first die-'ﬂf
e F:covered in the Creb Nebule in mid-1968 end it hes the shortest pulse period,‘ﬁi
| -33 millisecbnds of any pulser yet found The following Jenuery a8 group of
g astronomers(s) in Arizone (Cocke Disney, end Teylor) made a monentous dis-
.covery vhen they found regulsr puleetions in the light from & centrel stsr
"_‘in the Crab Nebulc long believed to be the rennsnt ot the eupernove thst pro-ci?;
wduced the nebule in AD 1655 This opticel‘puleer hsd exectly the seme period
as the radio pulsar ( 033095 eeconds) and was vithin the region from vhich
S

j“_ the redio signels came. Identificetion of the Creb pulser vith the Creb _~2£; -

e
C

supernova. remnant wss important in two respects. it connected pulssrs snd,r'
supernove residues nositively, for the . first time, and it alloved theorists

: ;._to drav upon e lsrge body?of inrormationhthat hed sccumulsted ebout the Crab
Nebule which hes been carefully studied because it is the’ closest recent

' supernova and the one that can be most fully resolved by our telescopee. w

..
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Il. Obeerved Properties or Pulaars _ B %ﬁ;' _

| " The highly unusual character of the pulaar implied by its- rapid aid ina'
credibly preciae pulae period generated enormoue interest immediately fbl-
lowing the diacovery of the first or these obJecta.h As a reault moet of

the vorld' radio teleacopea vere . quickly nut to. aearching ror more pulsers
and studying those already found. The reeulte or thie observational ectivity

N

\have led to ‘the folloving picture of pulear characteriatica.
/e\bursts or radio energy that conatitute the obeerved pulaee\oontain g
ra orrequency energy covering a very wide frequency band in some oaaes into
o the optigal ultreviolet and even x-rey regiona of the apectrum Each pulaer :
has ita individual pulae ahape but only when averaged over a large number of
pulaea. There is- conaiderable variation in shape from pulee to pulee from ‘a -
.: given pulear. Figure l ahowe characteriatic pulae ahapea from four puleare..:f
Theae ahapea ere everaged over a large number of individual pulaea in eech

| case.. The shapee aleo depend aomewhat upon the radiofrequency at vhich the |

obaervations are made.
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:Fiéure 1. rAverage pulse ahapea of four pulaars. The"ordinate is energy flux
ot " received on Earth but normalized to the same peak. value for each
pulsar. : T




o ;lThe most strihing and>aiénificant feature of puiaar emission is the’
_regularity of the'pulae'repetition rate. These periods range from 33 milli-.
. .aeconda up to 4.8 aeconde and the pulee period averaged over allarge number ._
- of puleea ia precise to a fev parts per billion, making them among the moet
: preciae "clocka" known. Even a laboratory quality quartz cryatal oacillator
fcan scarcely match thia preciaion which is in the range of atomic frequency

standards,

e
¥

. A second important obaervation on the pulse rate is that all pulsara
alowing down at. meaaureable ratea as determined by a lengthening of the
pulae period The rate of slowing down can be uaed to deduce a "lifetime" '

for the pulsar. The obaerved rate of change of" the pulae period has been

‘ found proportional to the period P,.a fact which can be expresaed . f‘ "
| @ p Lo N )

: df",-_‘i_:' R S _('l)v

7Thia leade to a time dependence of the form P(7) = P(O) e -/c which identifiea ‘
‘t as. a lifetime the time it'taﬂea for the pulae rate to decreaee by e” ’ .In

thia way it has been found//hat pulaar lifetimee ‘are- of the order of 10” to .

—

10 yeara, rather ahort/timea by coamic standarda.

. -
PN
- »\\

Two brief exceptiona to'the .8teady’ running down of the pulaar clock have
- been obaerved Several pulaara have abruptly exhibited a amall increase in
pulae rate, and'following theae "glitchea" they have again aettled down to~

resume theif ‘ormal slowing down ratea. We ehall later see that thia phen-;

//.-

i omenon haa,revealed an intriguing feature of pulsar atructure.‘
‘_ «Detaiied analyaia of indi%idual pulae atructurea shovs that aeveral i;b
things are aoparently going on aimultaneoualy in a pulaar for there are..¥w4‘:?'.
three diatinct timg scales involved There ie firat the long time ‘scale of

_ _ the pulse rate namely, .033 to h 8 aeconde. Then there is a ahorter time ’

e
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.scale on the order of milliseconds, that accounts for much of the vari-
_'ability in shape from one pulse to another. Finally, the shortest observed

.'time scale’ is on the order of lOO microseconds, and this time scale sets
: o

ﬁ an upper limit to the size of the region that radiates the pulsar pulses.
The argument goes like this if a radiator emits periodic electro-‘_
'magnetic vaves at a more or less definite frequency, all parts of the .
radiator that contribute to this radiation must act in phase. If: this vere |
o haenot the case, different parts of the body vould radiate out of phase with J
_each other and vould on the average cancel each ‘other's radiation. Nov if
all parts of a radiator cooperate to radiate in phase, each. part must some-

' how receive i formation about the others, otherwise they could never remain

synchronize in phase.- Relativity theory teaches “us that no information -can ,:

h be trans tted faster than the ‘speed of 1ight, c. Therefore, parts of a N
radiato- that are farther apart than an electromagnetic vave can travel in -
'about a period of the radiation frequency cannot stay synchronized because U

' they. are effectively out of touch vith each other ‘on . the time scale of the l
'rradiation emitted This means that a radiator emitting regular pulses at i—%

.'iintervals of 100 u sec must not be larger than light can travel in lOO u sec. L

' ;This aets an upper Limit on the size of the radiator in a pulsar, and'this
:size limit is/about 30 km (lO =4 sec x3x 105 km/sec) This does not neces- e
-lsarily mean that the entire obJect that constitutes the pulsar cannot be - _,';
-larger than this; the radiator might bé a "spot" of this size -on the sulface T

o ;;of a larger body, and additional infbrmation is needed before a choice can
be made between these possibilities. : . : ‘- : o Ff

Another important observation is that the radiofrequency energy in. the S

) _,,,f~f”” :
“~~pu1ses»is polarized Polarized radio waves have the same general properties
e DR . . ) ’ . H 8
\ i | K
5.




as polarized light and. radio polarization is recognized by using receiving
antennas that respond to polarized incident waves. Polarization in pulsar .
. .radiation was found to be very complex. It depends upon frequency and is N
highly variable, changing from pulse to’ pulse and ‘even within a single pulse.
'*g;‘ uBut the significance of the finding that the radiation is strongly polarized
- is that it very likely originates in a region in vhich there is'a.strong
'magnetic field because we know that radiation from regions permeated by
_magnetic fields 18 characterized by strong polarization. This conclusion

is supported by the observed spectral distribution of the radiation and by

. the fact that the Crab Nebula contains strong fields, as determined by inde-

g',; "pendent observations of other features of the Nebula.‘ Thus it seems'firmly !

’o

;Kiestablished that strong magnetic fields are: associated with pulsars. s ‘:°
N In order to deduce the amount ‘of: energy radiatéd by a pulsar, its dis--df
:tance must be known. One of the important consequences of identification E
of the Crab Nebula with NP0532 is that the distance of the Crab is accurately
'knovn and this permits ‘a good determination of the energy radiated by the . :
_Crab pulsar..“ R .,. o ) Lo \ .

By -one method or another all the knoun pulsars have been found to lie

' | within our Galaxy Pulaars undoubtedly exist in other galaxies //t,they
w:are too weak to be observable. The distribution -of pulsars/in/the Galaxy

-is consistent with their identification as supernova remnants. Their/numbil//’(

:also supports this viev. Since they are relatively’short/liv;d/obJects _F

(< lO years) there should,not’be.many around’to observe at any. given time,
o
;;ﬂ”/Piffthey'are the consequences of supernova explosions their number should be

correlated with the observed frequency of supernova occurrence and this- turns

_-out to be the case allowing for a number of observational uncertainties.

& . - . /




-
-

— TN

The energy loss rate from a young pulsar like the Crab has- been found

to be of the order of 10° % ergs p%g’second ~This- includes radiationjover“

the entire electromagnetic spectrum and is approximately lO times greater {

than the radiation from *he Sun. If an obJect radiates at this rate for a
u lifetime of lO7 years, it. must lose in that time a total of : 1032 ergs.

- o~

We shall use this figurc. later to see what pulsar models can contain this .'

- -

much energy.

o

III. "Basic Pulsar Models _ N ' .

o We know only ‘three general types of massive obJects Ain nature that arei_
.good timekeepers andvtherefore possible,candidates for models of pulsars -
vhose’ chief characteristic is its remarkable regularity. These classes of
obJects that are capable of relativelx slow periodic motions are vibrating
stars, binary stars, and rotating stars.. Let_us examine each briefly;in ‘

dight of observed pulsar characteristics.

Certain types of stars are known to pulsate as a result of radi' oscil-'
lations of their atmospheres. The periods range from ays to months and the
//
‘periods do not exhibit the order of precision of pulsar pulses. The general
theory of vibrating,bod es leads to -a dependence of the period P upon the
/

;’/,///dgnsityzzalof the form P « pk or upon masg. of the form P « M;i These two
simple expressions permit us to rule out vibrating stars as pulsar models .
because the second predicts the wrong ‘variation of pulse period with time. .

: As time goes on the mass - of a star must ordinarily decrease.' It loses some
- mass by matter ejectian in the form of a stellar wind /and it radiates avay
 mass 'in the. form of energy (E = Mc? ) Consequently if.M decreases the vi-

bration period should decrease and the pulse rate ought\to increase rather

than decrease, as observed This argument is not by itself conclusive,.

% , | .
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however becauae stars may also_ accrete matter under certain circumatancea

T

.by gravitational attraction/or the gaseoun envelope from a cloae binary red
glant companion for example. The accretion rate could axceed tha naae loss '
by radiation and atellar vind’ and could lead to a pulae rate slowing an
obaerved. But vhen one calculatea the: denaitiea required to give pulee ratee
“,of a aecond ‘or lesa a problen crope up. The most dena; white dwarf ataxa/////
_are not able to. vibrate rapidly enough. In fact unleaa one pos ulatea rather
~-unlikely complex modes of vibration likely to be soondamped. out it does
.not appear poaaible to deviae a plauaible/vibrating white dwarf model with

-a. period ahorter than =5 se/onda. Thia ia cloae euough to the h 8 sec.

A

’ period of the aloveet//ulaar but 1s too far fron a 33 nilliaecond period

/to be explained amay by uncertaintiea in the calculation. Only a

‘f, (Crab

‘atar with denaity in the range of nuclear denaitiea (> 10" gn/cn’) could

) _vibrate aa rapidly as. the- Crab pulsar...

VZ A aecond genenal group of candidatea for pulaar models ia the claea of
]
closely apaced binary atars revolving about their common center of magss nuch

like a rotating ‘dumbbell. Let us see vhat kind of binary vould be required
" to rotate 39 timea per aecond ‘ The lawa of orbital motion {Kepler and Newton)
'tell us that’the masaea, perioda, and aizea of the orbit of the menbera of ©

- a binary pair are related by Kepler'a 3rd lav o m_‘ - S

vhere G. ia the gravitational conatant and a is the eeni maJor axia of the i

elliptical traJectory If the membera of a binary are comparable in mass

-3 O

A
A
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to the Sun, then using P = .033 seconds we fina a= 2 {;lo cm, about 3%0

. .

the radius of’ the Earth! Thus a b1nary model would require two approximately
solar mass obJects to revolve in orbits much smaller than the radius of the
", ,f Earth. If these condensed stars vere in contact their individual radii’ could
not exceed 2 X. %0 cm and their densities would be ‘of the order of p= Mo/g-ﬁag
._or about 6 x 10'° gm/cm . Again ve find that a stellar obJect with a density"
'of the order of 10! o cm"3 or higher is required This is the lower limit
for the density of a.neutron star a body in which nearly all of the matter.

- normelly in- the form of protons and electrons has been converted into neutrons

by the enormous pressures and temperatures involved. The neutrons are formed

e v . ;

by the reaction p + e~'+ n, and the protons and electrons come from the
‘. ;“matter of the star, mainly hydrogen and helium, that has been completely ionizec
We see that whatever the defects of’ the vibrational or binary star models'

e . may be botn call fon obJects of densities in the neutron star range. we

\,

'xshall soon see . th\t the rotating obJect model also demands a neutron star,

._so\the decision is unanimous. But before the rotating model is considered

2

' The

'f1rst=~ff:hese is very simple.: If the orbital kinetic energy of the binary
,is what feeds the pulse energy, as the binary loses energy it must speed up,

Egynot slow down as observed This follows from Kepler 8- law above and tHL fact

that the orbital size, a, must decrease as energy is extracted from thé system.
In this respect the binary model has the ~Same drawback as tbe vibrational :f

'model both should speed up rather than slow down as time gbes on. There -

C

jis another jmore esoter1c defect of the binary model General relativity theory 1

o
says hat two verv massive bodies orbiting close topether -as the model demands -

- are strong radiators of pravitational vaves, These waves carry energy away
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from"therbinary system, and calculation reveals that a 33 millisecoﬂ/Abinary

would be such ‘a strong gravitational vave source that it would 1ose all its
‘¢ P . . oL
energy in a re“atively short time, far less than 10 years. - \fp-.

D

¢ -

body vith .8 radiating source sonehow attached to its surface 80 the rediation
-svedps eround in space like a lighthouse beam. The pulses vould be received

on Earth each time the beam sveeps by, and the pulse ate vould,give the‘ro- yr

. N tational period of. the obJect

A simple argument can be used to set an’ upper limit on the si;;”E?/such _"

Finally, we turn to. the third possibility for a pulsar model a rotatingf~

a pulsar model _We. require that its surrace gravity at. least equal the centri-l

N fugal force at its equator 'othervise it would lose matter rapidly from the

b
¢

-writing.m a 2ﬂ/P allovs (h) to be put into the‘more simple form

_Tequator.. If the total mass and radius of the obJect are M and R respectively, A

the gravitational acceleration at the surface is simply )

¢

B

vhere G is the gravitational constant (6 67 x 10" =9 cgs units). fAt“the'equator'

the centripetal acceleration is Ruw? where w is the angular frequency Q;_rota—'f

T
tion. Forjzero-mass'loss we require
Ru? < GM - P N (Y
RZ - ) . . i

-0 . » .t . L

N :1"‘*‘: ' o oL ‘, LN
- The mass may be written in terms of the average density as M= g nR’ P. Also

N ..
. - S . . . [

-

e . A8 L . ' - S _
I 5[;.33? ~ 10 ‘ gms/cmf : : T (8)
P ozt oo . A

Al

\
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This. establlshes the minimum average density for the slovest pulsar at

107 -gm cm , -in the vhite dvarf range and ‘for the Crab pulsar p = 10" gmcm"'

10,
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;/’,,f”’ii?;time ahould be h X 10* years, ana 1f its rotation aupplies all the’ energy

“

- For the moncnt of inertia I = MR? e mgy take withiénOugh.aécdrgc&.{br{an:T?

o “order or mégnitude calculation, M My 804 R = 15 My frop considerations '

. . "
. . v
\ N / .

weli d%bve the WD fange'énd at the lower ‘end of the neutron atgf.range;
Next the rotational energy can be estimated'froh'eiementary physics.

The rotational kinetic energy o: a body-dr moment ot inei%i@ I iﬁiéimhl&”:

SE S ¢

‘This gives ‘& total rotational energy E=2 x 10%? p-2 ergs. Ir P - 1033 sec,

;«E x 2'x 1050 ergs. The meaaured slowing down rate of the Crab pulaar 1a

ﬂk x 10"n perioda/period or 1. 3 x aeconda per year.. At this rate itl

oﬂ the nebula (= 3 x 10’ qrga/aec) _the atorod energy ought to be

';imately h x 10 erga in this particulsr pulsur. ‘This agreea well nough

’-' . vith the estimated rotational energy of "the obJect to suggest’ styop; that .

) - a denae, compact, rotating body 1s indeed afsu{tablé'model fqr a Pulayr. '




are two or four pulaes per revolution instead of Juat one) If.the'neutron‘
star coneervee angular momentum during ita formative collapee ite rotation ;
rate can be accounted for. Consider 8.8tar like the Sun with R = T x 10‘°

and rotational period o 21 days (ﬂ 2 x lO' sec ). If auch a body were to

' »contract to R = 10 Jm = 165 ¢ conaerving angular momentum (a MRzm) ita ro-:

tational period would decrease by a factor (R1/R2) , .., by (7 x 10%)2 u

“5 x 10’ in thie example. The final period would then be = 0 5 milliaecond
._ more than ehort enough ror a nev pulear. Ir one takea into account the

uncertaintiea in thie crude calculation the agreement with.obaervation ia:'

eatiafactory. o - o _ } o

It vaa mentioned earlier that in a fev pulaare there have been abrupt

uchangee in period leading to the concluaion that the pulear epeeda up auddanly

[

and then soon eettlee down to ita rormer rate of alowing down Theae apeed-':

" - ups or glitchee are quite amall but eaaily meaaurable.. What can cauae a ‘”13

g rotating obJect to apeed up ir. no external torque ia applied? The anewer

is aimple ite radiue decreaaee cauaing a decreaae in its moment of inertia o

) I as a conaequence ‘the rotational frequency w goea up and the period de— .
.creaaea, The myatery about why the neutron atar should auddenly decreaae
'ita radiua by about 1 cm, the amount needed to produce the obaerved epeed—up,

waa solved by Ruderman( ) vho ahoved that the aurrace layer of a neutron- star .

was probably ‘8011d and in fact cryetalline. Streaaea in thie crust from

centrifugal and Coriolie forcea occaaionally cauae it to crack or to recry-x'
atallize producing a "etarquake .‘ The reaulting rearrangement of the atellar"
eurface leade to a temporary lowering of the moment of inertia and a alight ,;

increaee in the rate of rotation. Thie glitch only laate a few weeka until 7

| the atar can-reaume its former atructure. The cryetalline nature of a nautron

¢
%u

etar eurface ia a new feeture of theae stars revealed by a study aimed at

12 12 E R W




explaining the peculiar, sudden speed-up of some pulssrs._ _

If ve accept the fect implied by ths similarities betveen pulsars of
| videly different behavior,that all pulsars ere similar obJects and thet the ;
long period ones are simply older and have slovsd dovn more ve pust conclude -
| that initially they form as neutron stars vith densities 10“ gm cm™? and
vith radii S 10 km rotating at periods as short .as a .020 sec, the extrspoleted

dperfod of the Crab pulsar ‘at its formation. Moreover, these-neutron stars

- v

: must possess enormously strong magnetic fields of the order of 10‘° gauss

i‘_or more at the poles. This estimate tollows from the reasonable assumption

]

; that msgnetic flux is conserved as the star collapses in the supernova event
"that forms the neutron star. A ‘star collapsing from the size of the Sun p
}‘(R = 7 x 1010 cm) to the size of a neutron star (R =10‘ cm) undergoes a change
-or radius by a faotor T x 10” and a chenge of cross section area equal to
,the square of this factor,.or = 5 x 10’ . If the star had an initial polar ¥
' field or the order of\only 2 gauss the neutron star field vould increase to .
;i;= 10lo gauss. Many stars have much stronger initial fields,_and if they are
_appreciably more massive then the Sun, as theory seys thpy must be to become S
.supernovae then the final rield may vell exceed 10lz gauss. The presence.
;iof a strong\field.has several consequences of importance for the pulsar.~ It
- provides for polarization of” the pulsar radiatiou in agreement vith observa-ﬂ
_ tion. It also provides a possible connection betveen the. neutron star sur-
: face and a region some distance avay";rom which the observed radiation may
' actually be emitted as required 4n some theories or pulsar emission. The

-8

field may also provide a sveeping beem or sheet of radiation to explain the

? Af‘ ) 9
o reception of precisely timed pulses. S
\ . . } . co
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SR ' Pulser“Emissioneuechanisms'u ‘ ,/*ﬂ’“L°;“Mfr' - e .

When ve get down to details of possible mechenisms that might prodqce _

2y ~L

~a beam or sheet of electromsgnetic energy rotating with the stsr, it is
longer 8o simple to single out one of a number of competing theories. We _?2
;.shall have t0o be content to outline the basic requirements of a satisfactory ,
\AA_ "‘theory and then to examine three difterent types of theories briefly pointing
o " out the advantages and veaknesses of ‘each, It should be ssid at the outset
-that no fully satisractory theory of: pulsar electrodynamics has yet been '
| developed and it is not even certain that any of the three to be. discussed
'here will prove in the long run to. be correct though esch seems capable of o
' explaining some pulsar feaﬁures . E | . A ‘ ‘
Thetenergy rlux emitted by a pulssr can be calculated in a straightfor-f«
A'ward fashion end it gives an important clue to the kind of radiation mechanim
-to be sought If a pulsar like the Crab emits on the. order of lO" ergs/secA
A from an obJect or radius =.10 km, " the flux emitted vill be- at least lO ergls
"A_m‘z se Tl’ snd probably more like 1o erg cm-? sec" since the pulsar doesn't
~mrsdiate uniformly over its whole surface.i A black body radiating this flux ] _
;rvould have to have a: temperature'"é xlD’ oK. (since Flux =g T“) This 1ookl
: 'Ipossible until one notes that the shape of the spectrum is definitely not

\

.that of a black body at 10’ °K I one considers the total energy in the

e

A.radio spectrum (= 6 x 10’° ergs/sec for the Crab pulsar) and calculates the
black body temperature required to produce this flux at radio frequenciea,‘

f the!resulting temperature is enormous ‘about lOzo °K. Only a coherent_rsdia- .
tion source can;possibly produce such radio fluxes. Thus one must seek a |
mechanism that will produce coherent oscillations like thoae of a tuned radio '

o .

transmitter or a laser or msser. This coherence requirement puts a strong
AP ,~A_._s- o - R ar
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restriction on possible radiation mechanisms, but there appear to be at P-". ,
least tvo waya to aatisfy thia requirement both of which depend upon the
'presence of a atrong magnetic fiela. h '
One of theae mechaniems 1s synchrotron radiation that reeulta when rela—
tivistic electrons are inJected 1nto a atrong magnetic rield. The.electrone_;
follow helical-paths about the_pagnetic linea of force and radiate at the 1
'frequency with which they apiral about the rield lines. Thia 15 claaaical
radiation 1n the sense that classical electromagnetic theory requirea an
accelerated charge to radiate. - Naturally, the revolving charge euff:rs :
' centripetal acceleration Ain ita helical motion about a rield line and radiatell
. accordingly The radiation is. noderately coheren t at the circular frequency
" of the electron. The . latter alovs down as the electron radiates away energy, :
'-vleading to emisaion of a broad band ‘of rrequencies ‘with the higheat frequenciea.
. in the epectrum being proportional to the magnetic rield atrength. A field
"of 10' gauea will produce rrequencies up 1nto the far 1ntrared vhile fields
i_or 102 gauss vill give rrequenciee into the hard x-ray range (A =1 A) o -
.Synchrotron radiation is polarized 1n the plane in which the electrons apiral,
; and relativiatic effects cause - 1t to be emitted aniaotropically in a narrow-
.' angle disk about the orbital plane. _Theee,reatures are ahown in ?1gure 2'belovr

qf:j(See next page)
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" Pigure é..-(a)”:nelical motdon of an electron in s magnetic fiéld,
© - 7 (b) Byuchrotron radiation of an orbiting electron. °

o f (¢) Spectral diatribution of synchrotron radiation.' Ve in the
LT . - - ecyclotron frequency, the. orbiting rrequency of the electron~
e . '.about the field linea.,. _ .

J. < L.

. The. other type of coherent radiation to be considered involvea a maaer -
or laser type of emission but of a most unuaual kind 7,8 Coneider the
radiue of the circular or helical motion of an. electron in £ magnetic rield.':
[ ;This rediua is inveraely proportional to the field etrength and if the field
- gets strong enough, the orbit radiua can shrink to atomic aize. When thia o
whappens, che orbit munt obey quantum conditione Just as’ it doea in an atoml--f-
_ﬁff -Once thia quantum regime ia reached the electron no longer behavea classi- -
' cally, and in, particular it no Ionger radiates eynchrotron radiation. Now,~
:;aa in the hydrogen atom, radiation can be emitted only when an electron Jumpa :
from one energy level to another. The levela can be calculated aa in the |

' hydrogen atom, by requiring that a8 atable orbit(have a circumference that ie

‘an integral number of deBroglie vavelengthe of .the electron. Detailed analylil

C

N

W]
GO,




o KR

- -

: elong theee linee ehovn that the: energy gep betveen neighhoring orbitel states
of an electron 1s 116 u/u KeV where uq = k. b x 1on geuee the' value of field

- - at yhich the megnetic energy or the orbiting electron equelp ite reet energy -
w7 . D .
. (0. 51 MeV) At lov fields <<n the energy levele of . the electron in the field.

ere virtually continuoue eince they are very cloeely epeced. But, at high

. enough fieldah H‘ﬁuﬁ the- levele ere videly epeced, end the epecing nny be

q’ .
NS
. lerge compared with kT, In/thie ceee, the excited levels sare only epereely

hhhhhh ‘\\occupied hy thermnlly excited electrone. The eyeten ie much like an atom at
lov tempereturea. It there ia an efficient non-thennel meens of populeting
the excited pteﬁep of this eyatem then the poeeibility for leeer ection exiete,

' end this magneto-laeer‘ can-in- princfple produce a etrong, coherent heen of

«

rediation as required.L The neceesery populetion invereion to cause. leeer

action ia poetulated to be ceused by electron collisions enong energetic elec-

trons accelerated by electrodynemic proceeeee in the aurfece regions of the .-
" neutron star vhere there is a thin leyer of "normnl", non-degenerete natter. '
Oas euch acceleretion mechenism will be diecueeed helow._ |
e The rether exotic mngnetic laser mechenien deecribed ebove meete the
requirements or,pulsar emieeion in reepect to brightneea tempereture, coher-

-

Ca ence. end enisotropy (beeming) The mngnetic field elso providea poleriletion.
. Electromagnetic rediation from euch a leeer is eble to eecape along the field i
B lines, eo it beems out from the mngnetic polea. If the megnetic poles of
l- ;:: the neutron star are not elisned vith the exis of rotetion the radietion |

beem from the poles vill eveep around in apece like the beam from a lighthouee

-

. to give the cherecteristic pulse of the pulsar as- seen: by a distant observer.:

g A

The rigure below makes thie clear . .eleo shovsta case in which there egg o

; two pulses per revolution of the sYer (Figure 2b).
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- Figure 2. "Lighthouse" model gf pulsar with (a) 1 pulse per revolution and-
T (n) 2 ses,per\revolution received on Earth o
° “_... 90me pulssrs do infsct g've "interpulses" vhich sre weaker pulses betveen B
the main pulses. These __'ne a msnifeststion of Figure 2b

One ofmths esrliest theo ‘es of pulser radiation 'was advsnced by Gold(g)

i.who proposed thst the magnetic field lrn 1 tate vith the star as in Figure
sbove. Charged particles from the surface of the star are. tied to the

"?'field lines, 1. e., they rotate tightly sbout themn;‘As these particles move '

e e

'away from the star along s given field line theyoare accelerated since the
-tsngential velocity of. a field line iucresses vith distance from the axis of;
'.rotation according to the fsniliar relation v* - rm. (See Figure 3 below)
ﬁAt a sufficient distsnce this tsngential velocity spproaches the speed of .

. light and when this happens the particle radiates most of its accumulated

3
=

kinetic energy w8 electromsgnetic radiation. The entire process is a bitf:.

like the ‘game of | "crack-the-vhip", when the electron swings around fast ;-:. i

Jenough it lets go in a burst of' electromsgnetic radiation.‘ The speed ofi":'

light is attained on a cylinder of radius = o™t vhich 13 sbout 1,700 SR
“. ¥m for the Crab pulsar.'. . f : '

. lﬁl:}C]“ | ;? Li-;.




Ve
'

.’Thehradiation at. the speed og_light'cylinder willhbe somevhat’beamed, as

;'rrequency diatribution, besm vidth etc., ere all characteriatic of: synchrotron B

radiation as “would- be expected since the’ electrons are being spun about in

"to those in a synchrotronqy -V_" ' . o ‘,._-: : S ...

Radichion Boam

*(fspeed -of light
: cylinder

- v . ' o ..
Figure 3. Cold's Model '

"

'shown, uy're( tivistic effects. The "beam" will actually be a continuous

v -

"disk or radiation radiating in all directions from the equator of the cylinder,j

Am

«f as the aituation is sketched in Figure 3. This would not produce pulses at

L J

a distant receivenu Tb do that, it must be postulated tnat electrons are a

: _emitted mainly either from locelized "hot spota" on the surface of the neutron

star or from its polar regiona. ‘These then fOllOWrthe local rield lines out -

-'._to the speed of light cylinder where they radiate from a localized region

w,ion the cylinder. This region givea in turn a localized beam of radiation h -

e

. 'which racca around the cylinder once each turn or the star. In.this way the '
model can givo pulses.! The existence of a fairly strong field at the cylinder |

(= lo gauas) provides polarization of the radiation.. The polarization, y

'fia giant circle by the revolving field lines and the electron orbits -are sililiar

'
Cw °
-

'19r'
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. be deacribed next. Co o L

0
L

One difficulty with the Gold model vhich is common to all models that

propoae a aource of radiation located eone distance avay trom the neutron :

atar aurface ia that it is hard to aee how' the relation betveen source lo- L

cation and atar eurface can be maintained 80 accurately over a long periodt
of time as to give the obeerved pulee rate precieion. Any drirt betueen the .
aurface and the distant radiating region uould apoil the preciae repetition
Tate of the pulaqa.‘ ..

| Gold'a model calla for relativiatic electrona (= 3 MeV) to be delivered:
to the apeed of light cylinder.‘ Thia requirea conaiderable acceleration of
the electrona between the neutron star aurface and the lightapeed cylinder.A

TVo mechaniama that have bean proposed to accompliah thia acceleration will

+ kS
3

- Goldreich and Julian(lo) auggeated that the familiar mechaniam of uni--'

polar induction will operate to accelerate electrona. Thia can beet be de- .

acribed in terma of . the elemcntary laboratory demonatration of the Faraday
diak dynamo Conaider a conducting disk. rotating in a magnetic field aa

ahovn in Figure L below with alip ringa on the axie and the edge of the diak '

to make electrical connectiona.

. \\ . ) . i . ) . . . N .
Figure &4, Simple Unipolar Generator A '
: RN o s



An

o gthe field linés

_thereby induce -an electric field
Y w4

‘ Gold modeﬁr

Y

°

with velocity vV =y and

. This force is equivalent to a radial potential gradient

P ‘ R '_ 4
- .idv=- 'Sﬂmjrdr -

_:vhere V is the total voltage developed aoross

The important éhature of this device for the pulsar application ie

,4

' if electrons in the ionized gaseous plasma

\ 4"_ >

.star are not rigidiy attached to the rbtating magnetic field initially,

)

Detailed consideration of a dipole field shovs that this mechanism 1is, capable 7:»

o

The electricltield~

/

experiences a radial force F, 'i

B

electron of the rotating disk is carried across magnetic field lines .

evB 9 erBuw,

\ .
T’*f!' .‘,or_l g

1

|

g
|

the disk or radius R.
that
surrounding the rotating neutron

then

do. pass hy the electrons with some relative velocity and

-

. to energies well_up nto thewcosmic ray range f.r morc than enough for the .

\generated in this manner is strong enough

to separate ‘the electrons and ions in the plasma near the star,_and the charged

' particles move out slong magnetic field lines as the diagram below shows. :

"

T
Ll“ﬂ' CVLNM\;

CRITICAL LINE \

ELECTRONS
. ! - -
* WIND ZONE

PRG'_I’ONS S RPN AR R

N

_._21 ¥

Schematic diagram of Goldreich-Julian model shoving the corotating
o magnetosphere ‘and stellar wind zone.

- ) e . 1
- -

o .

- v x 3 that can accelerate the electrons.. .

.Vof accelerating 1 ctrons and“ions away from the surface of a neutron star o

"The star is at the. "ower lefs,




The corotating magnetosphere is made up of charged barticles attached to
closed magnetic field lines The field lines that cross the speed of light

.c¥linder are. open at the surface of the cylinder (they close farther out)

_’l

and particles that - radiate at the lightspeed surface follow these open field N

. lines.. The electrons and: protons follow different sets of lines s’ a con-

a

sequence of their difference in mags.

It ‘can be seen from Figure 5 that there is 8 region on the'light cylinder;

"f(where the particles intersect 1t) that comprises a source of radiation vhic

'sweeps around vith the msgnetic pole as the star rotates. This provides the &
.required searchlight effect to produce observed pulses, and . the radiation i

is of the synchrotron type st or Hear the light cylinder as in Gold“s model. :é
'-The Goldreich-Julian theory ds an improvement however beﬁause it shows'thstfé

a plasma and magnetosphere must exist near the surface of & neutron star in-

stead of a vacuum, and the~theory,furnishes a-method-hy vhich particles'from

7generates an electric field E « dB/dt and the field accelerates the particles.'

At distances beyond the lightspeed cylinder ‘this- time varying fisld becomes‘

'z
s

an electromagnetic wave for relativistic reasons.» One might make the simplified
..argument that ‘the field lines which carry energy cannot move faster than the .
‘ speed of'light and when they reach that velocity they no longer co-rotate ‘but

s .mOve away‘at the speed of light as;electromagnetic waves. o




Classical;y the rotating dipole,radiates at the rate |

YRR LT ‘._'-' : 33‘ v : - o o e
: : P n“~'1éc'"“ ‘args/sec ~,'.w_§."’»‘ e ()

whsre B is the field strength at the pole of the star, R is the star radius,
- ~and w.1s the rotational frequency. Tsking B, = 1018 gausa, R = 10 kn, andv '%
W= 188 corresponding to a period of .033 sec the total power radiated is ,
“, ;‘*R 3 x lO‘“ ergs/sec, approximately the total power onput of\the Crab pulsar. ;
| : . Thus the rotating dipole model 18 capable of ths required energy output. .
Charged particles e 4. accelerated to the wave velocity near the star 's sur-;e'?

face and then ride. the electromagnetic wave out to the light cylinder picking
) up additionsl energy from the ueye in the process._ The "wave riding" mechanilm
is similar to that in a linear accelerator and is the electromagnetic analog

of surfing on an ocean. wave._ ' ) _"‘ ;_, i.: B | _,'1 ‘ff J{;:

There is a problem which plagues theories that postulate acceleration |

of particles near the star followed by transport to the light cylinder berore f

radiatjen takes placc. Classicale, synchrotron\radiation uill take place in f

u'\

N
\

the acceleration region, ‘and a calculation shows 4this process,converts the =
L'energy gained by an electron into radiation 80 erficiently that the electron ahw
will not be able to roach relativistic speeds needed to reach the light cylinder
by either ot the mechanisms outlined above. At first glance this'mey seem )
to bve or no importance instead of waiting until it~ reaches the light cylinder,
g an electron Mimply radiates prematurely, &and %he net conversion of‘rotational

\

energy into redietion is pretty much tha same. However in a dense emitting

/

medium self absorption (i e., reabsorption or emitted photons) takes place "

before *Le adlation can escape Lrom, the medium, and the resultant fluxocannot \

exces. ,hat ot a blackbody at the temperature of the medium about one phston

t\_“ L _ .-: _ 2.', C & ». _ ’

' : oy
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. . : . . o . L IR Ao
s . i ) L - X . . o e \ T IR 12




'~/'

: Since the plaemn

' mean free;path down into the medium from ite "eurfece .

o
surrounding & neutron etnr cannot exceed a temperature of the order of 1o’ox,é

- the eecaping eynchrotnon radiation flux cannot exceed the blackbcdy flux from L

11
'_1\' a"eource at that temperature

- But the meeeured radiofrequency flux from s
\\ -

\’ pulaar hae a brightneee temperature at leaet 103' °h .ag pointed out eerlier,
|

hence the dascrevency introduced by’ eelf-abeorption.

i -\
AL ” ' B

% ,
% v One way out of the lelf-abeorp+ion dilemma is offered by the magnetic
‘ i i .

{

\

\

\

1 laeer mechaniam of Chiu, Canuto and Occhionero mentioned earl er.. ?&o

\factore act to eliminate the problem in this theorymi Hhen there ia a popu- '

\ %ation inveraion with the upper energy levele of the nyetem heavily populated,‘
A t?e\eyatem is no longer in thcrmodynamic equilibrium and, the blackbody limit

. on\raeiated flux no- longer»appliee.
)

T temperature of laser emiseion rs extremely high or to putait another vny,

It ie vell known that the brightnenn ~

d \\ l.'

o

-. by emitting ite radietion coherently a leuer ie able to exceed by many ordere
f magnitude the radiation output from a black body operating at the temperatuu1

o of the" laeing modium. The other factor mitigating the eynchrotron eelf-abnorp-

k3

tion problem is: that at the high fielde under consideration the electrom Orbitn
s about the field linee are quantized as mentioned earlier, and they do not

radiate eynchrotron radiation while in one of theee quantized etatee. More- ‘l;
| over, 1f the field is high enough the mngnetic quantum ntatee are far apart
!

in energy,and only synchrotron radiation of very ehort vnyclengthe could be

abeorbed by euch a quantized syetem. The longer vavelength radiation if°

-9

‘ present vould travel out of the mngnetoephere without abaorption. e

[
{

Only e fev of many theoretical. propoaale for a mechaniem of pulear radia-

tion have been diacueeed and these only yery briefly. The eubJect is both

complex and difficult and to date no fully eetiefactory theory hae emerged. '

-

2 - PR 5 o _ o >

——



iium.fron.ite "eurfeceﬁt« Since the plenml e
st exceed a tempereture of the order of IO’OK:,
lon flux cnnnot exceed the bleckbcdy tlux from
Jut the meeeured radiofrequency flux from a

sure at least 1021 °k as pointed out eerlier,.iﬁ
| by eelf-ebeorption. : A\\

lorption dilemme 18 oftered by the negnetic?
) end Occhionero mentioned eerl er.. ?&o
>b1em in this theoryml Hhen there ie a popu- L
energy levele of the eyetem heevily populeted,;
mdynamic equilibrium and. the bleckbody limit
.ee. It is VQIL known thet the brightnenn o
| extremely high, or to putait enother way, -iﬂﬁ
-ntly a lauer ie eble to exceed by many ordere if
it from a bleck body operating nt the temperature
factor mitigating the eynchrotron eelf-ebeorp-
fielde under consideretion the electr;n orbite
zed as mentioned earlier, and they do not

&,

.ile in one of these quantized'etetes. More- ;ij

=

h the mngnetic quantum etetes are fer apnrt

adietion of very ahort unvelengthe could be t;,‘
The longer vevelength radietion, if° :
magnetoephere uithout abeorption..‘ _‘ ._%}4—;
cal;propoeale.for a mechanism of_puieer‘redic;i;
se only ver& briefly:'_fhe eubJect is both T

te no ruilyieetiefectory theory hee'emerged; .



. .

phenomena and p.int ou‘c several directionn one might expect a uuccessful

theory eventuuly to take. . -
. . . 1 N - N .‘ .
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